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1. SUMMARY OF DEVELOPMENT OF RECOVERY METHODS

Microorganisms entrapped within solids constitute unique
contamination ccntrol probiems. Bacterial spores encased in plaster of
paris, asbzstos plastic cement, various plastic potting materials,
and solid rocket propellants are more resistant to dry heat than those
residing on swfaces (ref. 1). Due to this increasad resisiance to the effects
of dry heat it was deemed necessary to develop assay procedures which would
allow the detection of very small populations of microorganisms within
the solids. Some solids within the spacecraft mav be subjected to
temperatures in excess of sterilization requirements and thus constitute
a minimum contamination control problem. There are, however, solid.
components which are adversely affected by such treatment. It is essential
that the microbial population within these Asolid materials be accurately
known in order to assess their contribution to the total contamination load

of the entire spacecraft. :

Not only is it essential to develop adequate pulverization techniques
for exposing these micro-organisms, but it is alsc necessary to develop
methodology for overcoming the adverse environments provided by the
spacecraft solids. At the time of fabrication of spacecrait components,
microorganisms . from the environment may exist and be incorporated as
spores or as veagetative cells in any of a wide variety of physiological staies.
Obviously, the effects of various plastics, >ropellants, and other solids
on the physiclogical states of microorganisms are important in the

development of suitable recovery techniques. The ultimate aim of pul-

» . : R} : . - . . . ) ——— -
verization is to reduce the particle size to that which will statiztically

provide for optimum diffusion of nutrients into the microorganisms and

il

thereby permit the outgrowth of these cells from their eacased sites within
the solid particle. Since bacterial and fungal svores are best adapted for
survival in the internal regions of solids, the pulverization process must he
optimized for their detection and cultural recovery. In the course of this
pulverization, large microorgenisms i'ncluding fungal spcres, mycelia, and largs
vegetative cells mav be physicallv damagaed. Thus, in order to assure
recovery of such large cells, additional samples of each of the solids should

1.



be pulverlzed in a manner modified for the recovery of large cells,

A wide range of substances are present within solids which interfere -
with the growth of microorganisms. Some plastic solids are polymerized
through the use of free radical initiators. These initiators, or their products,
may be present in minute but detectable quantities in some solids and must
be neutralized in order to provide optimal reccvery conditions. Solid

rocket propellant contains large quantities of inhibitory substan;eb which

et ot

must be leached from the pulverized propellant and neutrah'?ec}rpr‘or to the

application of culture techniques. Epoxy resins, coating materials,

=4

potting compounds and adhesives contain residual epoxide groups. Such
functional groups must be reacted to prevent their interference with

recovery of microorganisms. .



II. ' INTRODUCTION.

This final report on SN-42 (JPL Contract No. 950740) constitutes the pertinent
data obtained in our investigations on the developmeﬁt of methods for the recovery
of microorganisms “rom the interior of solid materials. In order to provide a high
degree of reliability of microbial decontamination, it is essential that methods for

.the detection of viable microorganisms be developed and that these be as sensitive
‘and reliable as possible. In the first phase of this program, under the directicn

of Dr. John Opfell, the investigation of a variety of methods for detecting the
presence of viable microorganisms within solid materials were studied. These
methods included culturing, electron spin resonance, electrophoresis, nonfluorescent
staining, fluorescent staining, and autoradiography. ‘As a result of these studies
conducted in the application of thé above methods, it became clear that with the
exception of rather limited usefulness of fluorescent staining techniques, culturing

represents the most useful, sensitive and easily applied method.

Eleciron spin resonance spectrometry involvas the absorption of incident A
energy (usually in the microwave region) by unpeired electrons under the influence
of a magnetic fileld. Electron spin resonance measures the magnetic moments of
unpaired electrons and are somewhat analogous to the vibrational-rotational
transitions in other forms of spectroscopy. Beceause free radicals occur in the
process of metabolic activities within cells, this technique was studied to
determine its potential usefulness as an independent means of assessing the
presence of microblal contamination in solid materials. Indeed, it was found
_that differences existed between viable and nonviable microbial cells. Unforta-
nately, the order of magnitude of such differences is not sufficlent to differentiate
between other free radicals which may occur in & varlety of nonliving solid materials
(both organic and inorganic) of a wide variety of types. Since free radicals cannot
be distinguished from those generated by small numbers of living microorganisms
and inanimate solid particulates, this method was not considered to be of sufficient

usefulness to warrant further investigation.

The cell walls of microorganisms contaln chemical functional groups which

vary in the nature and distribution of electrical charges. A wide variety of
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- . microbial stains‘adhere strongly to the cell walls, and in some cases to the
cytoplasmic constituents of microbial cells. The specificity and the degree

of such staining is dependent upon the nature and distribution of the charge

groups within the cell wall and the cytoplasm. 1In the application of this tool

for the detection of microorganisms in solids, it is essential that the micro-
organism exposed from the solid be easily differentiated by microscopy from the
debris. Not only is this of importance to determine the presence of microorganisms,

but it is of greater usefulness to determine whether these microorganisms are

viable or nonviable. Spores of B. subtilis var, niger, Clostridium sporogenes,
and Ulocladium were obtained and the viability assessed by cultural methods.

An aliquot of each of these microorganisms was subjected to the killing effects

of dry heat, autoclaving, exposure to ethylene oxide, formaldehyde, and chlorine
gas. Subsequenily, both the viable and the ncnviable organisms were stained and
exémined microscopically. No differehces were noted that would permit the
differentiation between viable and nonviable microorganisms. This method was

abandoned.

A number of fluorescent dyes bind strongly to microorganisms. When thase
microorganisms cre examin'ed under a microscope equipped with suitable optics,
the background may be adjusted to a nearly un:form black while the outlines
of the microorganisms present a bright fluorescence. Thus, it would appear that
this technique would be more useful than the nonfluorescent staining techniques
since there are fewer interfering and confusing structures in the background.
This method is only useful when the solid material and the other debris from the
pulverized solid 1id not possess chemically charged groups which bind the dye.
In the latter case the solid as well as the microorganism would show flourescence
and the method would be useless. Likewise it is necessary that the solid
not be flourescent. Under the experimental conditions of comparing viable and
nonviable microorganisms, it was not possible to correlate  the degree of
fluorescence with viability. Thus this method suffers a severe deficiency. In
addition, it is an exceedingly slow and painstaking technique which requires a
high degree of standardization in order to use for the detection of microorganisms.
The fundamental reason for abandoning this method was the lack of reliability in

distinguishing viable cells from nonviable cells,
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A The incorporation of radiocactively tagged beta emitting isotopes provide a

: rlneans of determining potential cellular viability. The presence of the tagged
metabolite may then be determined by the use of radloautography. The latter
technique utilizes a sensitive fine grained photographic emulsion which is
sensitive to weak beta emitting radiation. These weak beta rays interact with
the photographic emulsion to provide opaque silver grains in a manner somewhat
analogous to the effect of light on photographic emulsion. The presence of grain
‘patterns which are confined within the outlines of the microbial cells, or
fragments thereof, would provide evidence of viability, assuming that adequate
controls are included. When the opaque silver crained pattern develops in
regions outside the cell wall area, it may be possibly due to chemabsorption of
the radioactive metabolite by the solid or inadequate washing. The resolution of
this method is highest when the weakest forms cf radiation capable of activating
the silver particles in the emulsion is utilized. Maximum resolution depends
upon a minimum distance between the microorganism containing the radiocactive
metabolite and the photographic emulsion. Whea spores of B, subtilis var.
niger were incubated with solutions containing :tritigm’ laE;eled thymidine no

radioactivity was detected in the radioautographs. This was because DNA

is only duplicated during cell division which does not take place within spores,

Culturing represenis the most reliable method thus far devised for the
detection of viable microorganisms. This method depends on the ability of the
microorganisms to undergo cellular division, There are, of course, deficiencies
in the use of this method since physical and/or chemical trauma associated with
the exposure of the microorganism from its location within the solid may result
in a lack of ability to demonstrate the organisms' viability by culture methods.
Thus, culture methods have long been establish:d as useful techniques for the
detection of viable microorganisms, and therefore, were used in Phases 2, 3, and
4.

Not only is it essential to develop adequate pulverization techniques for
exposing these microorganisms, but it is also necessary to develop methodology
for overcoming the adverse environments provided by the spacecraft solids. At
the time of fabrication of spacecraft coxnponen‘gs , microorganisms from the
environment may exist and be 1nco'rporated as spores or as vegetétive cells in
any of a wide varlety of physiological states. Obviously, the effects of various
plastics, propellants, and other solids on the physiological states of microorganisms



are important in the development of suitable recovery techniques. The ultimate
aim of pulverization is to reduce the particle size to that which will statistically
provide for optimum diffusion of nutrients ihto the microorganisms and thereby
permit the outgrowth of these cells from their encased sites within the solid
particle. Since bacterial and fungal spores are best adapted for survival in the
internal regions of solids, the pulverization process must be optimized for their
detection and cultural recovery. In the course of this pulverization, large micro-
organisms including fungal spores, mycelia, and large vegetative cells may be .
physically damaged. Thus, in order to assure recovery of such large cells,
adﬁitional samples of each of the solids should be pulverized in a manner modified

' for the recovery of large cells,

A wide range of substances are present within solids which interfere
with the growth of microorganisms. Some plastic solids are polymerized
through the use of free radical initiators. These initiators, or their products,
may be present in minute but detectable quantities in some solids and must
be neuiralized in order to provide optimal recovery conditions. Solid rocket
propellant contains large quantities of inhibitory substances which must be
leached from the pulverized propellant and neutralized prior to the application
of culture techniques. Epoxy resins, coating miaterials, potting compounds ar.d
adhesives contain residual epoxide groups. Such functional groups must be reacted

to prevent their interfererce with recovery of microorganisms.



11I. METHODS AND RESULTS

A. Pulverization

The pulverization of solid materials used in the fabrication of
spacecraft may be accomplished through the use of high speed blenders,
grills, mortar and pestle, ball and vortex m:1lls, abrasive devices, and
saws. (See ref_erences 2 to 9). These methods, each have their
characteristic advantages and disadvantages. Control of the extent
and uniformity of pulverization with these methods is difficult and in
some cases not possible. The production of aerosols limits the
usefulness of the high speed blenders and drilling techniques. With
certain types of solids, explosions occur when the level of pulverization
reaches a certain particle distribution range. The recovery of micro- ‘
organisms pulverized in solids using high speed klenders and drills was
disappointingly low. Tt would appear likely that the lack of adequate
control of heat generated in these forms of pulverization as well as the
physical traumra incident to these methods may be responsible for such
results. Sawing permits the control of both the heat production (by
controlling the sawing rate) and the extent cf pulverization through

selection of the ideal tooth design.

Various blade and tooth confirmations produce widely different
forms of pulverization. The types of saw blades used in the sawing of the
various types of materials are numerous; however, the major parameters
of importance in determining the types of pulverization produced are deperident
upon the following factors; 1) tooth confirmation and design, 2) pitch (nuraber)

and size of teeth, 3) sawing rate, 4) pressure applied to the solid.

The most important factor affecting the effectiveness of pulverization
using saw blades can be related to the design and configuration of the teeth.
The angles of the tooth face;-back, clearance and rake, in addition to the
tooth spacing and go up depth are illustrated in Figure 1. There are several
possible combinations of teeth configurations which produce widely
different results in the pulverization of solids. The short nearly vertical angle

tooth design tvpical of hacksaw blades appears to be the most useful for the

1%



pulverization of rigid plastic solids.

There are a variety of ways in which the teeth are set (Figure 2).
The altemate set teeth have one tooth to the right and the next to
the left. This type of set is common for some types of plastic cutting
blades and for nearly all wood cutting blades. The configuration has not
proven to be effective in the pulverization of solids, since it produces
large cuboidal chips. By adding one straight tooth between the pairs of
right and left teeth, the type of chips that are‘ produced differ. If
the angle of the cutting blade is acute in respect to the surface of the

solid, a ribbon is produced in place of a chip.

The rater set, which interposes a straight tooth between the left
and right set of teeth with the hacksaw configuration, is capable of ‘
clearing the ribbon and partially disrupting it. The most common -blade,
containing some 22 to 32 teeth per inch, employs wavy éef teeth. These
teeth are forma=d by alternately bringing two or more teeth to the right and to
~ the left in graduated degrees. In this conf}guration, a center line drawn
through the center of each tooth would generate a smooth 1ow pitch wavy curve.
The blades with 32 teeth per inch were ger.erally gang set. In this
confirmaticn the tooth édge portion of the blade was -formed with a device
which gang sets 6 to 8 teeth in one direction and alternates the set
of the succeeding group of 8 teeth so as to form a wavy pattern throughout
the entire length of the blade. These blades are designed for cutting.
Among the cornmercially available blades, thie fine tooth blades show
advantages over the alternate or raker type configuration in pulverization

of solids.

In spite of the fact that hacksaw blades are designed for cutting
hard metals, it is desirable to use nickel molybdenum alloy blades or
tungsten steel blades in order to minimize the rate of dulling on the blade.
Dulling which occurs when using other types of hardened steel alloys may
result in poor pulverization. Cross linked epoxy polymers with fillers

cause svurprisingly rapid dulling of blades. The types of blades studied



included a representative range of metal alloys.

The pressure applied to the blade during the sawing processes is of
importance. Ideally this pressure should not exceed 100 grams per inch.
The greater the amount of weight on the blades, the thicker the resulting
ribbon. The length of blade is of significancze since it is convenient to use
slow long strokes which utilize the entire length of the blade and thus
allow a more even continuous stroke and increase the uniformity of
pulverization. The eifective pressure vs.blade design for the pulverization

of plastic materials studied is shown in Tables 1a to lc.

Solid rocket propellant is the most difficult spacecraft component
material to pu.verize. The Dremel drill, slicing with the microtome and
other methods which were studied were inefiective because of the peculiar
characteristics in this substance {ref. 4). Sawing with appropriate types of
hacksaw blades provided the most efficient §L1.1ve1'i"ati011. ‘The particles
produced were sticky and tended to agglomerate. However, the
individual par:icles even though agclomerated in the culture media
provided suffizient surface area for effective recovery of microcorganisms (5).
The particles produced bv sawing differ depending upon the amount of
pressure applied and the rate of sawing. Ribbon-like structures produced
when the sawing pressure was less than 100 grams per inch were less than
15 microns in diameter and displayed a high instance of micro cracks and
imperiections radiating in all directions, Figure 3. Care must be taken
that the particles are collected and handled in such a way that agglomera:ion
of particles is minimized. The typical microscopic appearance of this

material is shown in Figures 4 and 5.

Polyester and epoxy resins are satisfacterily pulverized by sawing.
Ribbons are produced whose thicknesses are generally 5 to 15 microns
when a minimum amount of pressure (less than a 100 grams per inch)
is applied by the blade to the plastic. The rigid highly cross-linked
or filled rigid plastic tend to pulverize as & powder. The less rigidly
cross-linked plastics and semi~flexible typzs readily form ribbons

(Pigures 6 to 9),

-~
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If we assume that a microbial spore in an idealized model will
occupy a space of one cubic micron, in the absence of trauma, toxicity,
and neglecting die away, the solid when pulverized to this size range should
provide a theoretical recovery of 100 percent. 1If we further assume that
‘the model for “he solid particle is two microns on each side, the volume
is increased eight-fold (Pigure 10). Is it reasconable to suppose that the
theoretical recovery is decreased by a similalj ratio of volume increase.
The worst case would require that the spore exist in the center of all
planes within the cube. Under these conditions, the maximum distance
between the spore and the exterior would be one half micron. The
probability of this worst case would approach zero. The physical constraints
of a particle containing the entrapped spore would be less -than the .
theoretical cube case within any particle of two microns or less actually

observed in the pulverized sample.

The worst case situation in such a particle would require that there
be no micro cracks or imperfections in any plane which would encroach
upon the central location of the spore. The probability of this cccurring
also approaches zero. Particles resulting from the pulverization showing
a maximum dimension in any plane are generally sized by that dimension.
Nearly all of the particles, with the exception in the longest plane, may be
a small fraction of 5 microns. Statistically, nearly all such particles
would certainly have, in one plane or another, distances much less than 5
microns. In the course of our studies on pulverivation, we have observed that
well over 80% of such classified particles contain cross-sectional distances
of less than 2 microns. It might be noted that in Table Ic, when using a 32
tootn blade and light pressure, as much as 70% of the particles were less than

’

S microns in size.
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B. Leaching and Neutralization

Often soluble toxic substances may be extracted from pulverized
solid materials. In some instances, simple dilution of the innibitory
substance is sufficient to allow nearly maximum growth rates in a
reasonable final culture volume. Leaching may in some instances be
necessary when inhibitors or toxic materials are not neutralizable. An
important category of leachable inhibitors are polvmerization, cross-
linking agents, and catalysts. Solid plastic materials are polymerized
by a variety of agents. Examples are benzoyl or isobutryl peroxide,
epoxides, formaldehyde, or epichlorhydrin. The neutralization of
benzoyliand isobutryl peroxide are summarized in Table 2. Of the
various reactants studied, glutathione has proven to be the most effective
and the least toxic. The other reductants investigated included sodium

borohydride and cysteine.

While all these reductants were efiective in the adjusiment of
the redox potertial, it was found that cysteine sulfoxide w
formed as a reaction product. This compound was toxic to some micro-
organisms. In addition, cysteine reacts with SS bonds within proteins.
This amino acid can also react with transition state metals and thus
interfere with trace metal metabolism of microorganisms -when this amino
acid is used in moderate to high concentraticns. Borohvdride is toxic to
microorganisms largely due to its reaction product, borate ion. So in spite of
ts effectiveness in the adjustment of redox potential when used in dilute

solutions, its slight toxicity limits its usefulness.

Virtually all epoxides and trimethylene oxides as well as tetramethylene
oxides may be used in the synthesis of plastic materials. Tetrahydrofurane
will polymerizereadily only when caticnic catalysts are used. Each of the
above compounds show evidence of various degrees of toxicity. The
epoxides are most toxic to both vegetative calls and spores. Tetrahydrofurane

displays far less toxicity, and in many instances no toxicity at all.
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The most important class of plastic materials utilized in potting
compounds , .electronic components, and encasermeant materials are the
epoxXy resiﬁs .. A wide range of physical characteristics may be obtained
with these compounds depending upon the types of monomers utilized &
and the nature and composition of the hardensrs. A typical type of L
eboxy resin may be prepared by the base induced condensation of a polyhydroxy '
compound, usually a bisphenol, and utilizing in most cases epichlorhydrin which
forms an intermediate of low molecular weight. This compound is essentially
a linear polymer, containing terminal epoxide groups and pendant hydroxyl/s ;
Figure 11. An =2xcess of epichlorhydrin in thz reaction results in the
termination of the polymeric chains with epo:ty groups. These unreacted
epoxide groups cause most of .the toxicity as sociated with epoxy resins.
The resins may be reacted to achieve maximum cross-linking by using |
curing or cross-linking agents, examples of which are amines and carboxylic
acids and their anhydrides. In nearly all ¢f the currently marketed epoxy

resins epichlorhydrin is used.

Among the various methods of neutralizing this toxicity which were
devised in our laboratory are 1) adjustment o’ pH to & moderately acidic
concentration (pH 3 to 4) to open the epoxide ring or 2) reacting the epoxide
with a suitable compound to form a chemical derivative. Both of these
approaches were investigated and the results a‘re summarized in Table 3.
The reaction of epoxides with proteins is corplex and must require some
elaboration. 1% was discovered that this interaction at physiological pH's

involved chiefly the amino acid histidine.

Epichlerhydrin was allowed to react with 2% casein hydrolysate for
a period of 4 hours at 25°C. The amino acid which reacted most vigorously
at pH 7.0 was histidine. The amino groups of some of the other amino acids
were also reactive. The extent of reaction ¢f the various amino acids in the
mixture are summarized in Table 4. Epoxides may react with nucleic acids. =
The hologyn pertion of the molacule may also react; however, it is of less
“{mportance. Epichlorhydrin exerts its more profound biological effects on

DNA by causing either intramolecular cross-lirking, cross-linking with

12



neighboring functional groups within the molecule, or with the nucleohistone present
in the vicinity of the DNA or intramolecular cross~linking. The various forms of
interaction are summarized in Figure 12. Nucleic aclds were active in the neutra-

lization of epichlorhydrin.

Beef extract (Difco Corporation) and RNA at 5% concentrations were effective
neutralizers for epichlorhydrin. These substanczs form a viscous suspension at
5% concentrations. Higher concentrations of these néutralizers result in markedly
inhomogeneous suspensions and do not improve the effectiveness of the neutra—
lization (Table 5). '

Leaching procedures were applied to Eccocoat 1C2 in an effort to improve the
recovery from this solid (Table 6). The most promising leach fluids were ethylene
chloride, chloroform, and trichlorotriflucroethane. Slightly higher recoveries were
obtained at 5°C tran at 25°C. Since the order of mégnitude'of recovary remained
low with the leacling procedures attempted, we abandoned leaching methods for
Eccocoat 1C2 and Epon 901. Recoveries were sufficiently high for Stycast,
Paraplast, Parlodion and Maraset compared to other data (4) not to apply leaching
techniques. Leaching is used together with neuvtralization for solid rocket pro-
pellant (5). '

Ultrasound at maximum output was useful in increasing the recovery from
Stycast 1090 (Table 7).

C. Recovery of Microorganisms from Solids

All of the ;cest organism types were recoverzd from Paraplast (Table 8). “he
vegetative cells were recovered from the latter solid only. Lower recoveries
were obtained from Eccocoat 1C2, Epon 901, ard RTV 40. Methods used were
outlined in the protocol.

D. Culture Media

A variety of culture media including Bacto Anaeroblc Agar*, Bacto Blood
Agar Base, Thioglycollate*, Trypticase Soy**, were studied during the course
of the past two years for the recovery of microorganisms from solids. The medium

shown on Table 9 has proven to be the most effective. Although the termination of

*Difco Laboratories, Detroit, Michigan

*%* Baltimore Biologlcal Laboratories

13



dormancy and the initiation of germination do not require special steps with
the spores specified in this study, ingredients were incorporated in the growth
medium to cptimize these phenomenon, (tetrahydrofurane, alanine and

casamino acids).

14
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IV. FINAL PROTOCOL FOR THE CULTURING OF MICROORGANISMS
FROM THE INTERIOR OF SOLID MATERIALS

A. Assembly of Sterile Chamber

A rectangular container (width 50 cm, length 100 cm having a capacity of
75 liters) is prepared utilizing 4-8 mil polyethylene tubing. A gland is provided
which allows for exhaustion of the ethvlene oxide and subsequent refilling with air.
An aluminum frame and base supports the structure and provides a surface for the
attachment of a vise. The contents of the chamber include ethylene oxide, the
hacksaw assembly, liquid media, _the sterile solutions of neutralizers, sterile
standardized acid and base, and the solid materials to be studied. Several
additional culture Jessels are included which are utilized as controls by inference

to demonstrate that the environment inside of the bag is sterile (Table 10).

Following the assembly of the contents of the bag, it is sealed utilizing a
double heat seal szam. The bag is tested to determine whether leaks are present
using a thermal conductivity cell of the gas chromatograph as a detector of

leakage.

B. Surface Decontamination with Sterilant Gas

Evaporation of a previously determined volume of ethylene oxide in sufficient
"~ excess to maintain a concentration of 500 mg/L of space is allowed to take place
within the bag at room temperature for a period of 12-16 hours. The sterilant yas
mixture efnployed consists of 12% ethylene oxide and 88% Freon-12 or pure

ethylene oxide.

Six test tubes each containing 102 spores of B. subtilis var niger are used
as controls on the effectiveness of the surface decontamination procedure. These
tubes are capped in a manner which permits the gas phase to enter. At the end
of the surface decontamination period, 10 ml of growth medium is added and the
tubes still inside the bag are incubated under the same conditions as the assay
tubes. The screw capped tubes containing the culture media and the neutralizear
are sealed to prevent contact with the ethylene cxide. No evidence of outgrowth

has been obtained in those tubes in the tests reported in this study.

15



C. Analysis of Ethvlene Oxide Concentration

Gas samples for the assay of ethylene oxide and humidity were collected
using a 10 m! syringe. The needle is introduced into the bag at the site of a
double rubber seal. Past experience has shown that leakage from this sampling
site does not take place; however, added assurance of protection against this is
provided by using pressure sensitive tape over the puncture area. Ethylene oxide
escapes from the bag at a very slow rate thus necessitating an additional ethylene
oxide analysis at the end of the decontamination period. The humidity and
ethylene oxide concentrations are determined by gas chromatography utilizing
the same gas chromatographic column (1% carbowax 1540 on Teflon 6) using a gas
'chromatograph equipped with a thermal conductivity detector (Carle Instruments,
Inc,). This instrument can detect 10"6 g of ethylene oxide or HZO/ml at maximum
sensitivity. '

o

D ESHEEETISEDS Ethylene Oxide and Replacement with Alr

Following the sterilization cycle, the residual ethylene oxide is exhausted
from the bag, and the chamber is flushed 5 times with alternate filling and
exhausting sterile air. This is facilitated by using a tube packed with sterile
bacteriological cctton which serves to remove gross particles and microorganisms
passing through the tubing line form the exterior of the bag. Also_in this line, a
Millipore filter provides an additional barrier to the contamination of the bag through
this line. To further insure that no remaining traces of ethylene oxide are present
within the bag, a 10 ml volume of the air within the bag is withdrawn and injected

into the gas chromatograph to determine the concentration of ethylene oxide.

E. Inoculation and Pulverization of the Solid

The plastic and hardener are weighed out and mixed according to
the manufacturer's directions. The mixing is accomplished under clean
conditions. The inoculation of the solid is performed just prior to its

solidificationn. Normally, at this stage the solid has warmed anpreciably

16



due to the exothermic reaction taking place. If the temperature is in excess

of 3500, it is cooled to or below that temperature prior to the addition of the
inoc.ulant. fter the inoculant iz added, it is quickly stlrred and tamped in

order to release any gas bubbles present within it. After the solid has solidified,

it is removed from the mold and subjected to pulverization procedures.

The solid is placed in the vise, the collector is placed beneath the solid
and the sample sawing is performed. The pressure of the blade on the solid is
of critical importance since it determines to a major extent the thickness of the
spiral-shaped ribbons that are formed. The wéigh’c of the holder and blade/inch
of blade constitutes the only pressure applied during the sawing process, Under -
ideal circumstances, the pressure should be 100 gm/inch or less. The rate of
sawin'g determines the amount of heat produced at the interface of the blade
and the solid (5). The weight of the sample is 2stimated using a 5 ml beaker,
This does not provide sufficient accuracy but allows crude estimations of
the quantity of the solid process;d. (’Ifhe exact weight of solid added may
be determined at later steps when the bottle containing the solid is subjected
to culturing. The tared welght of the bottle and estimation of all subsequent

volume permits the estimation of the total weight of the solid sample).

In spite of the fact that hacksaw blades arc constructed from high-grade
hard steel alloys, they dull at surprisingly fast rates. With epoxy solids, the
blade should be changed after the pulverization of 5 grams of solid. The '
changes observed when pulverization is accomplished with a dull blade are
éharacterized by ribbons of irregular thickness and a tendency of the solid
to break into large chips. .

Current work indicates that it is easier to disintegrate the solid material
if it is subjected to a brief grinding with neutralizer in a mortar and pestle. This
grinding is carried out with a pestle chilled by placing a corner of the bag con-
taining the pestle in an ice bath. Exposure of the contents of the mortar and
pestle to ultrasound, utilizing a Branson S-75 ultrasound stephorn at an output
of 5 amps for thirty seconds, increases the recovery of spores. The bag
decreases the efficlency of the ultrasound proBe and thus it is necessary to
use full output.

17
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F¥. Necutralization

It is convenient to add the neutralizer immediately following the sawing o

step (5% RNA, 5% beef extract). The quantity of the neutralizer used in these

experiments is 2 ml per gram of solid.

At the end of the grinding and ultrasound period, the sterile culture
medium maintained at 40°C by a water bath is added to additional neutralizer

(8 ml). The mortar and pestle are withdrawn from the ice bath and allowed to

sit for one hour to allow the neutralizers to overcome the growth inhibitory
substances present. The contents of the mortar following sufficient mixing to
produce a homogeneous mixture are added to a test tube and the test tube closure is
sealed. Care must be taken in the latter steps to accomplish the mixing with
sufficient rapidity so that the semisolid agar medium~neutralizer mixture does not

solidify prematurely. ' .

The adjustment of pH, redox potential, and control of fluidity
are performed within the sterilant bag. Model experiments previously
performed outside of the bag using the same weight of sample provide
the volume requirements for the oxidants, reductants and other such
additives. These manipulations prevent contamination by pH meters, -
volumetric burets and such instrumentation if they were included within -
the bag. .

G. Leaching

Leaching the pulverized solid at 5°C is partially efiective in
removing growth inhibitors of certain solids. The use of neutralizers
as outlined above is generally asz effective in overcoming the toxicity
of the solid. Ths use of both neutralizers and leacning sters does not
at this time appear to be warranted since the increase in 'recovery when

both procedures arz applied is not sufficiently high to Be useful.

H. Culturing
The composition of the culture mecdia uszed in these experiments

is shown in Table 9. This crowth medium was devised te permit the growth

of a wide variety of spore forming microorzaaisms in addition to B. subtilis.

18



The culture tubes with the closures tightly in place are incubated

PR

RO R e e U
at 32°C. with B. subtilis var niger, the meximum- numbbl of co?om z
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Nonaamajea spores incubated in this culture medium grow out rapidly
with maximum number of organisms evident within a period of one to two
days. It is suggested that the delayed appearance of colonies is
dependent upon chemical and/or physical injury sustained in the
incorporation into the solid epoxy resin or in the process of recovery
from the resin,
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10.

Sporicidal Activity.
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TABLE 2-A

NEUTRALIZATION OF BENZOYL AND ISOBUTYRYL PEROXIDES

Compound
Benzoyl Peroxide, 5%
Isobutyryl Peroxide, 5%

Control '(HZO)

Percent of Control Counts
(Average of & plate counts)

Sodium A | »
Borohvdrida Cysteine Glutathione Water
0.1M . 0.1M 0.1M
73 52 92 G
65 50 88 0
100 109 100 10C

. . 3
After reduction of the peroxide, 10
were added. After exposure for 2 hours at 25°9C, the organisms were

counted by plate dilution technique subsequent to incubation at 359C for

24 hours.
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TABLE 2-B

NEUTRALIZATION OF BENZOYL AND ISOBUTYRYL PEROXIDES

Percent of Control Plates

Seodium A
Borohydride . Cystelne Glutathione Water
Compound 0.1M 0.1M 0.1M
Benzoyl Peroxide, 5% 12 18 27 0
Isobutyryl Peroxide, 5% 17 20 32 0
quitrol (HZO) 89 @9 100 100

s 3
After reduction of the peroxide, 10

spores of Cl snorogsnes were

added. After exvosurs for 2 hours at 250C, the organismsowere counted
-by plate dilution technicus subsequent to incubation at 35°C for 24 hours.
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TABLE 2~ C %

NEUTRALIZATION OF BENZOYL AND ISOBUTYRy L PEROXIDES

Percent of Control Plates

Sodium

Borohydride Cystelne Glutathione Water
Compound 0.1M 0.1M D.01M
Benzoyl Peroxide, 5% 2 3 14 0
Isobutyryl Peroxide, 5% 6 8 16 0
Control (HZO) 50 64 97 100

: 3 -1 : N
After reduction of the pegoxide, 10¥ cells  of E. coli were added.
After exposure for 2 hours at 25°C, the organismsowere counted by plate
dilution technigue subsecquent to incubation at 35°C for 24 hours.
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TABLE 2-D

NEUTRALIZATION OF BENZOYI, AND ISOBUTYRYL PEROXIDES

Percent of Control Plates

Sodium

Borohydride Cysteine Glutathione Water
Compounds_ 0.1M 0.1M 0.1M
Benzoyl Peroxide, 5% 47 51 66 1
Isobutyryl Peroxide, 5% 40 47 52 2
Control (HZO) 82 98 100 100 .

. . 3 .
After reduction of the peroxide, 10° spores of Ulocladium were added.
After exposure for 2 hours at 25°C, the organisms_were counted by plate

dilution technique subsequeant to incubation at 35°C for 24 hours.

27
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TABLE 4

THE EFFECT OF EPICHLORHYDRIN ON THE AMINO ACIDS OF CASEIN

AMINO ACID COMPOSITION (%) (Average of 3 Replicates)

Amino Acid Before Reaction - After Reaction
Arginine 4,3 4.1
Histidine 2.2 0
Lysine 7.5 7.1
Tyrosine 6.9 6.3
Tryptophane 1.2 0
Phenylalanine 4.8 4;2
Cystine 0.35 0
Methionine 3.4 3.1
Threonine 3.8 2.1
Serine 7.6 5.2
Leucins 9.8 8.8
Isoleucine 6.2 5.7
Valine 6.6 6.2
Glutamic acid 23.3 21.3
Aspartic acid 6.0 5.8
Glycine 0.5 0.2
Alanine 5.5 4.1 .
Proline 7.5 6.2
Hydroxyoproline 0.2 0

Two grams of caselin were reacted with 100 ml of 0.5% epichlorhydrin
at 20°C for 30 minutes at PH 7.0. Note that all of the histidine was destroyad
while very little rszaction occurred with the other amino acids.
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TABLE 5

ITHE EFFECT OF VARIOUS NEUTRALIZERS ON THE RECOVERY OF MICPOORGANISMS
% of Control (Average of 5 Replicates)

Neutralizer B. subtilis Cl. sporogenes S. marcesens .
Histidine, 5% 12 8 10
Casein, 5% 3 0 0
Beef Extract, 5% 25 17 él
Beef Extract, 10% 28 24 25
RNA, 5% 22 20 22
RNA, 10% 20 - 19

RNA, 5% and -

Beef Extract, 5% 71 55 61
*RNA 10%, Beef Extract 10% _
Water 0 0 _ 0

4 . .

107 organisms were added to a final volume of 3 ml ofo
epichlorhydrin immediately treated with the neutralizer at 0-57C
in a final volume of 6.0 ml. Recovery of viable organisms was
measured as parcent of control unexposed to epichlorhydrin., The
organisms wers counted by plate dilution technique after incubation

o) .

at 35°C for 48 hours.
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TABLE 6

THE EFFECT OQF LEACHING ON THE RECQOVERY OF ORGANISMS FROM ECCOCOAT 1C2

% Recovery (Average of 3 Replicates)

Leaching Medium B. subtilis Cl. spcrogenes  S. marcesens Ulocladitm

5°c  25°%C 59c 25°%C s°c  25°C 5°¢ 25°C
Water, pH 2 0 o 0 o 0 0 0 0
Water, pH.S 0 0 0 0 0 0 0 0
Water, pH 7 0 0 0 0 0 0 0 0
Ethylene Chloride 3 1 5 2 4 3 0 0
Chloroform 4. 1 6 2 5 2 0 0
Acetone 2 0 0 1 1 1 6 0
Trichloro Trifluoro Ethane 5 1 2 0 6 0 0 4
Carbon Tetrachloride 2 0 0 0 0 0 0 0
Incetone: H,0 (50:50 vel/vol) 2 2 0 1 2 0 0o 0

2

The organisms were inoculated at a level of 103/gm of sclid. The
leach fluid 10 ml/gm solid were addad to the pulverized Eccocoat, allowed
to leach for 2 hours, filtered and cultured on membrane fiiters. The
membrane filter cultures did not show growth and thereiore, no values
for the leach fluid ars shown. The pulverized, leached solid was also .
cultured ard the values reported above. The methods outlinsd in the
protocol section ware used for cultural recovery. The cultures were
incubated at 35°C. The colonles were counted at 2 week intervals.

The counts for these cultures were maximal at 5 weeks of Incubation.
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TABLE 7

EFFECT OF ULTRASONIC OSCILIATION ON RECOVERY
QOF B. SUBTILIS VAR NIGER FROM STYCAST 1090

(Average of 3 Replicates)

Time of Exposwre number % Recovery ,
recovered/gram

0 (247) 100
-15 secs. 99
30 secs. 118
1 1nin. 135
2 ‘mins. 144

6 mins. 165
8 mins. 161
10 mins. 169
15 mins. 160
30 mins. 141
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TABLE 9

CULTURE MEDIUM

Tryptone
Casamino acids
Bacto soytone
Soluble starch
Dexirose

d 1 - Alanine

DNA
Tetrahydrofurane
Yeast extract
Magnesium sulfate
Azolectin

*¥Tween 80
Potassium rhosphate dibasic

Agar-

*Polyoxyett vlene sorbitan monooleate

Per cent Composition

5.0
0.25
0.2
0.5
1.5
0.5
0.2
0.5
0.9
0.2
0.25
0.15
0.5

0.8



TABLE 10

LIST OF MATERIALS OF ENCIOSURE AND CONTENTS

Ethvlene oxide or ethylene oxide-Freon 12 mixture.
4-8 mil polyethylene tubing 50-100 cm width of 50-100 c¢m length.
Screw capped culture tubes, 25 cc capacity

a.
b.
C.
d.

€.

empty
containing 10 ml of neutralizer (1 for each solid sample of 1 g).
containing 10 ml culture media (4 for each solid sample of 1 g).

control tubes previously inoculated with 102 spores of B. subtilis
var niger
same as d but inoculated into 10 ml of growth media.

Vise mounted on solid surface

Saw blade and holder with total weight on s;awihg edge of 50-100 g/inch

Mortar and pestle. Paper wrapped 125-500 ml capacity (1 for each solid
to be assayed).

Paper towels ~ 6
45°C water bath

Ice bath

Screw capped bottles containing

a.
b.

50 ml! sterile distilled HZO
sterile 0,01 N NaOH
sterile 0.01 N HC1

sterile 0.1 M glutathione
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FIGURE 2. Teeth settings of saw blades.
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5-154

FIGURE 3. Saw - solid interaction.

Large arrow indicates direction of saw movement. In some
instances, a ribbon which is highly fractured is produced as

shown, whereas, with most brittle solids, fragmentation into
small particles occurs.
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FIGURE 4. WMicrophotograph of solid rocket propellant.

Note the agglomeration of particles and the presence of
fractured ammonium perchlorate crystals.
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RO 68=-610

FIGURE 5. Microphotograph of solid rocket propellant in water.

Most crystals of ammonium perchlorate have dissolved,
exposing the binder.
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FIGURE 5. Microphotograph of ribbon produced from Epocast 4H.

Note the microcracks, surface irregularities and imperfections
within the ribbon.
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FIGURE 7. Microphotograph of ribbon produced from Epon 901 /Bl.

Note the microcracks, surface irregularities and imperfections
within the ribbon.
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FIGURE 8. Microphotograph of Stycast 1090 ribbons.
Ribbon was produced under 500 grams/inch pressure on the blade.

Stycast fragments into smaller particles when sawed at 100 grams
pressure, producing a mixture of ribbon fragments and free particles.
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FIGURE 9. Microphotograph of Epocast 212/951.

Note fragments lying on edge.
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FIGURE 10.
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Theoretical model of entrapped sgpore.

0



4

, :'\ ! T /0
4o -! 5—|C( > o4+ B el o
- TS \ T
s

BISPHENOL A EPICHLORKY DRIN

o
o 4 PN
vt @ c_Q—o—m s,

cxxg

ms CHo— CH, m@ c—</ _ N-o—at; ~0L Ly
H

“,

\—5/r£ FOR FURTHER REACTIONS —

FIGURE 11. Synthesis of epoxy plastics.

45



THE LFFECT OF EPICHLORHYDRIN AND
£POXY TYPE COMPOUNDS ON NUCLEIC ACIDS

Tetranucleotide Portion of One Strand of DﬁA.
A = Adenine, T=Thymine, CwCytosine. G=Guanine,

*Sites capable of reaction with
epichlorhydrin

Double Stranded ULNA
in llelical Conformation

strduexy
JUrY SS0I)

Types of Reactions Produced by
Epichlorhydrin with Flexible Molecules
. (DNA, RNA)
< \, Protein
-

-CHigy~

>

X o= CH-~$—LH2

0
!

Inter Molecular With Neighboring Intra Molecular
Cross Linking Groups Cross Linking
Cross Linking

FIGURE 12. Interaction of epichlorhydrin with nucleic acids and proteins.
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INTRODUCTION AND SUMMARY

In order to provide a high degree of reliability of microbial
decontamination, it is essential that methods for the detection of viable
microorganisms be developed and that these be as sénsitive and reliable
as possible. The detection of microorganisms within the interstices of
solid materials represents a complex problem which may be approached
conceptually frora a number of directions. The detection methods which
were studied and are reported In this document include: culturing, electiron
spin resonance, nonfluorescent staining, fluorascent staining, electrophoreses,

and autoradiograshy.

A, Culiuring

Culturing represents the most reliable method thus far devised for
the detection of siable microorganisms. This .nethod depends on the ability
of the microorganism to undergo cellular division. There are, of course,
deficieﬁcies in the use of this method since physical and/or chemical trauma
associated with the exposure of the microorganism from its location within
"the solid may result in a lack of ability to demonstrate the organisms'
viability by culture methods. Thus, culture methods have long been establizhed
as useful methocs for the detection of viable nicroorganisms and therefore
will be used in Fhases II, III, and 1V,

B. Electron Spin Resonance

Electron spin resonance spectrometry involves the absorption of
incident energy {usually in the microwave region) by unpaired electrons
(free radicals) under the influence of a magnetic field. Electron spin
resonance meastres the magnetic moments of unpaired electrons and are
somewhat analogous to the vibrational-rotatior.al transitions in other forms

of spectroscopy. Because free radicals occur in the process of metabolic



activity within cells, this technique was studied to determine its potential

successfulness as an independent means of assessing the presence of microbial
contamination in solid materials. Indeed it was found that differences
existed between viable and nonviable microbial cells. Unfortunately, the

order of magnitude of such differences is not sufficient to differentiate

between other free radicals which may occur in a varlety of nonliving solid

materials (both organic and inorganic) of a wide variety of types. Since free

radicals cannot be distinguished from those generated by small numbers of
living microorganisms and inanimate solid particulates, this method was

not considered to be of sufficient usefulness to warrant further investigation. %

C. Nonfluorescent Staining %

The cell walls of micrcorganisms contain chemical functional grbups

which vary in the nature and distribution of electrical charges. A wide

variety of microbial stains adhere strongly to the cell walls and in some

cases to the cytoplasma constituents of microbial cells. The specifity and

the degree of such staining is dependent upon the specific nature and
distribution of the charge groups within the cell wall and the cytoplasm.
In the application of this tool for the detection of microorganisms in solids,

it Is essential that the organism exposed from the solid be easily differentiated

by microscopy from the debris. Not only is it of importance to determine the
~presence of microorganisms, but it is of greater usefulness todetermine whether

these 'microorganisms are viable or nonviable. Spores of B. subtilis var. nicer,

Glostridium sporegenes, and Ulocladium were obtained and their viability

assessed by cultural m'ethods. An aliquot of eich of these microorganisms vas
subjected to the killing effects of dry heat, autoclaving, exposure to ethylere
oxide, formaldehyde and chlorine gas. Subsequently, both the viable and
nonviable organisms were stained and examined microscopically. No differences
were noted of sufficient magnitude to distinguish between viable and nonviable
microorganisms.

B



D. TFluorescent Staining

A number of fluorescent dyes bind strongly to microorganisms. When
these microqrganismé are examined under a microscope equipped with
suitable optics, the background may be adjusted such that it appears
uniformly black while the outlines of the microorganisms present a bright
fluorescence. Thus, it would appear that this technique would be more useful
than the nonfluorescent staining technlques since there are fewer interfering
and confusing structures in the background. This method is only useful when’
the solid material and other debris from the pulverized solid do not possess
éhemically charged groups which bind the dye. In the latter case the solid
as well as the microorganism would show fluorescence and the method
would be useless.

E. Autoradiography

During the prdcess of pulverizing solid materials, structural damage
to the cell wall and the cytoplasm may take place. The effects of impact,
drilling, crushirg, and cutting may structurally alter the cell in such a
manner that cell division may not be posgible. Indeed in some procedures
where pulverizaiion is allowed to proceed to exireme limits the microorganisms
may be fragmented. In order to demonstrate the possible viability of such
microorganisms it is necessary to utilize methods which are capable of
demonstrating viability which do not depend on cell division. The incorpora-
" tion for radioactlivity tagged weak beta emitting isotopes provide a means
for determining potential cellular viability. Tae presence of thé tagged
metabolite may then be determined by the use of radioautography. The latter
Vtechnique utilizes a sensitive fine grain photcygraphic emulsion which is
sensitive to weak beta emitting radiation. Weak beta rays interact with the
photographic emulsion to produce opaque silver grains in a manner somewhat

analogous to the effects of light or photographic emulsion.

The presence of grain patterns which are confined within the outlines
of the microbial cell or fragments thereof would provide evidence of microbial
contamination if adequate controls are included. When the opaque silver

grain pattern develops in regions outslde the cell wall area, it is possibly



b =

- promise for potential usefulness.

due to absorption of the radloactive metabolite by fhe solid or Iinadequate
washing. The resolution of this method is highest with the weakest forms
of radiation capable of activating the silver particles in the emulsion.
Also resolution is dependent upon the distance between the microorganism

containing the radioactive metabolite and the photographic emulsion.

Spores of B. subtilis var, niger were ircubated with solutions contalning

tritium labeled thymidine. In this experiment it was found that as many as

_three weeks of exposure of the microorganism to the tritium labeled thymidine '

were required to provide weakly positive resulis. The latter experiment
was conducted on glass slides so thatémulsion—organism distance was
optimal. Tt is apparent that if this experiment had been conducted on a
pulverized solid previously inoculated with mizroorganisms, the loss of
resolution would likely have been sufficient tc provide no reliable evidence
of microbial labeling. Therefore, this method ié not suited for the assay of

viable or potentially viable microorganisms in solid materials.

Thus, 1t appears that of the me’ch‘ods' discussed, culturing represents

the most useful and accurate method for the assessment of viability.' Under

certain conditions fluorescent staining may provide evidence of the presence'

of both living and dead microorganisms and may have limited application for

determining microbial contamination. None of the other methods show
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PHASE I. Studies on Various Methods for the Detection of Viable
Microorganisms Inoculated into Solid Materials

The obfective of Phase I is to determine the effectiveness of a
variety of methods for detecting viable cells. The following methods
were explored in order to determine their possible usefulness as selective
methods for detection of living microorganisms; culturing, electrophoresis,
staining, autoradiography, and eleciron spin resonance. Since inthe
detection of viable organisms each method which could be applied might have
specific advantages and disadvantages, 1t would be useful to have several
independent metaods for detecting viability. ‘the detection of organisms
by culturing is the most frequently used method .of those listed. However,
a devitalized cell may not grow under a specific set of cultural conditions
and yet under other more ideal conditions may be capable of such growth.
Thus, detectlon of viability by some other rﬁethods would be extremely
useful. The potentially useful methods other than culture that were
investigated in 1this phase include electrophor:sis, autoradiography, and

electron spin resonance.



I. PHASE I. STUDIES ON VARIOUS METHODS FOR THE DETECTION OF
VIABLE MICROORGANISMS INOCULATED INTO SOLID
MATERITALS :

A, CULTURING
1. Introduction
a. Recovery from Solid Materlals

The nature of solid substances imposes certain restrictions on the
detection of microorganisms present within them. Microorganisms distributed
on the outer surfaces are not as difficult to detect because of the availabilizy
of nutrients and lack of physical restrictions for cellular division to take
place. Organisms located in the internal regions of solids must be freed
to the extent that they are avallable for microscoplc or cultural detection.
The methods employed to achieve this may involve the use of one or more
of the following principles: (1) dissolving in suitable solvent, and (2)

pulverization.

In the case where the solid is dissolved, the theoretical likelihood
of detecting contamination by micrcorganisms may be rather high. A major
deflciency of this method is the toxicity of mcst plastic solvents to the
- microorganisms. Although it may be possible fo detect the presence of such
organisms, the likelihood of their demonstration in culture may be extremely
low,., Organic solvents are commonvly used to disnipt permeability of micro-
organisms, and it would be anticipated that this generally takes place in
the process of dissolving solids, The most useful application of dissolving
techniques would seem to reside in microscopic scanning of stained residue
‘obtained from the solubilized solid. Unfortunately, however, most solids do

not redissolve following polymerization.

b. Nitrogen and Carbon Compound Recquirements

Detecticn of viable microorganisms by Virtue of thelr capacity to grew
_ 1s one of the most useful methods for assessing sterility. The ability of

the microorganism to assimilate nutrients from the culture medium, to convert



these nutrients to energy and structural materials for the cell, to maintain
the cell's internal environment, and finally the ability of the cell to divide
and provide viable daughtér cells represent the requirements for cultural
methods. Some bacteria require only the presence of certain trace minerals,
carbon dioxide, and an incrganic source of ni"crogeﬁ. Others require only

a single simple form of carbon compound and utilize nitrogen from the
atmosphere in place of more complex nitrogen'compov_mdso On the opposite
énd of this spectrum are microorganisms which require vitamins, all
seventeen natural amino acids and even traces of as yet undefined growth
promotion substances. Most microorganisms lie somawhere between the

two éxtremes.

&: Growth Phases

Midroorganisms pass through six distinct phases in their cultural life
Cy'clc In the first phase cell division does not occur; however, the organisms
may increase in size and accumulate metabolites. This condition exists in
thc 100 phdse (FUch I-1). A period of Increasing growth rate takes place in
s §&6¢ond or "acéeleration” phase. The organisms during thig phase of
@rbwth dre @ividing at a more rapid rate than during any of the other phases.

The logarlthmic phase is characterized by a constant or exponential growth

v

rate Which is followed by the retardation phase in which the growth rate
is decneasmr*, The stationary phase Is characterized by a steady st

§ituation in which the rates of cell division and cell death are approximately
Equivalent. Finelly, there is a phase of decline in which the number of cells

dying exceed these dividing,

d. Concentration of Nutrients, Ionic Strength and Salt Concentration

The effects of Concen’tratlon of nutrients on the rate and extent of
growth are depicted in Pigure I1-2. Ideally in the absence of toxicity growth
‘media should contain such large excesses of growth factors and metabolites

‘that the extent of (T"O“}Th is not limited by theli concentration.

‘Microorganisms are also capable of surviving under extremes of

3;3hys'iCél and chemical environments., Halophillc organisms, for example, are
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Cell Concentration

Log2

Time

Section of Curve Phase Growth Rate
1 Tag Zero
2 Acceleration Increasing
3 Logarithmic Constant
4 Retardation Decreasing
S Stationary Zero
6 Decline Negative

(more cells dying
than reproducing)

Figure I-1. Growth Phaseg and Cell Concentration
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capable of growing in concentrated salt solutions. Some of these organisms
have an absolute requirement for high salt concentration for growth. This
environment generally decreases or inhibits the rate of growth of most other
microorganisms. A wide variety of bacteria, on the other hand, do not grow
well In the presence of even moderately low concenirations of salt. These
organisms by virtue of their decreased tolerance to lonic strength may require
extremely dilute growth media. The vast majority of microorganisms are ablz

to grow at ionic sirengths somewhere intermediate to these extremes.

e. pH and Physiological State

An equally important consideration is the pH of the growth media.
Certain specialized bacteria are capable of withstanding the effects of
and grow in the presence of strongly acid solutions. Organisms which
oxidiz.e sulfur to sulfuric acid are capable of ¢crowing in an environment
which is strongly inhibitory to nearly all other microorganisms. At the
opposite end of this spectrum are bacterla and fungi which accumulate basic
substances in the course of growth or metabolism. Intermediate between
these extremes ere organisms which grow optimally at pH's in the vicinity
of neutrality. Many of these organisms when growing anaerobically accumulate
lactic acid as a terminal metabolic product. This accumulation causes a
rapid progressive decrease in the growth rate. Likewise, organisms under-
going alkaline fermentation may eventually attain such a high pH that it
interferes with growth. In these instances the presence of suitable buffers

would resist such pH changes.

The pH of culture media is important ag certain organisms grow only
within certain limits of acidity and alkalinity. Most organisms seem to
grow best at or sround thé neutral point, pH 7.0, but there are those which
require a very acid pH. For example, certain fungi prefer pH 4.0-5.0,

and Thiobacillus thioxidans is active at pH 1.0. Brevibacterium ammonia,

responsible for napkinrash in bables, grows best at pH 9.0.

Sometimes advantage is taken of the ability of an organism to grow
at an unusually high or low pH in order to isolate it. The media used in

10



recovering the Cholera vibrio from stools are made at pH 9.0, which
permits the growth of the vibrio but inhibits that of most of the Gther

organisms in feces.

The accumulation of toxic products resulis in a physiological
condition in whizh the organism remains viable, but reproduces only after
a prolonged lag period. After such organisms have been allowed to remain
in a resting state with very small quantities of nutrients for prolonged
periods of time a similar state of disability exists. This condition in either
case is called the "staleing phenomenon." Such organisms are often more
resistant to the effects of killing agents than organisms from the logarithmic

phase of growth (Figure I-3).

f. Oxvgen Tension

Some microorganisms are polsoned by the presence of oxygen in their
environment. These organisms are called obligate anaerobesﬁ and, for the
most part, are spore formers. In the spore stage the organism is highly
resistant to the effects of dessication, oxygen tension, temperature, pH
extremes, physical and chemical trauma. Conditions favorable for the
proliferation of the vegetative form of these organisms, require that the
oxygen be exiremely low. A wlde range of organisms are capable of growing
under strictly anaerobic conditions even though these conditions may not be
optimal. Such organisms which can grow in the presence of oxygen as well
are called facultative anaerobes., At the far end of the spectrum are obligate
aerobes which crow well only under high oxygen tension. These organisms

are found in abundance in nearly all aerosol and soll environments.

g. Temperatures

Microorganisms grow optimally In temperature ranges between 20 and
40 degrees centrigrade. Those organisms which proliferate in soil often
show a growth optirdum in the vicinity of 20 to 25 degrees centigrade.
whereas those found in the environment of mammals show optima between
35 and 40 degrees centigrade. Certain organ!sms, however, grow optimally

at temperatures higher than 40 degrees centigrade. These are thermophiles.,

11
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Figure 1-3. Comparison between cells of young and old populations
showing susceptibility to a lethal agent. Data graphed
from raw data of Forbisher, 1962,
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Not only can they grow at higher temperatures in the vicinity of hot springs
and geysers, but they also show resistance to the effects of much higher

temperature ranges.

Virtually all microorganisms can withstand low temperatures and even
freezing for varying periods of time. Even though some organisms may be
destroyed by the formation of ice crystals within their cell walls or by
shearing effects of ice crystals as they are forming in the media, a significant
percentage of all strains of microorganisms can be recovered following

exposure to such temperatures.

Nearly all microorganisms can proliferate in ligquid medium, although ~
some grow well in the presence of very small quantities of moisture. The
presence of moicture is particularly important when considering temperature
effects on microorganisms. Resistance of spores to heat in high moisture
environment is not nearly as great as that observed in the dried state. A
well known protein, ova albumin, may be heated to 170 degrees centigrade
in the dried state without becoming denatured; However, In the presence of
water this protein is rapidly cdagula’ced at 75 degrees centigrade. A second
factor in heat resistance is manifested by the presence of colloidal
substances. It is well known , for example, that the temperature required
to kill lactic acid bacteria is markedly increased in cream or mil]%, as
contrasted to water. It may be noted that the volume of most bactgrial
spores is roughly equivalent to one~tenth that of the vegetative form.

This suggests that one reason for heat resistance exerted by the spore may
be due fo the concentration of the vegetative cytoplasm into a volume one-
tenth that of its original volume, and hence a bio-colloid heat stability may
be part of the explanation. Increased concentrations of calcium ion in the
medium 1ikewise leads to added heat stability. It has also bee_n shown that
fatty acids added to the growfh medium help to impart increased resistance
to heat,

2. Discussion

a. Limitations

The major limitation of culturing methods for determining sterilit? of

13
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sollids is that it measures only the ability of the organism to :rep.f.o.duce and
does not measure its ability to metabolize independently of reproduction. It

1s conceivable that microorganisms can persist in solid materials for

prolonged periods of time and yet fail to be detected by cultural methods
because of deficiencies in the composition of the _giowth media, the procedures
used to detect growth, the improper temperature or pH range, the presence of
growth inhibitors which may be associated with the solid, or nonoptimal

pulverization.

b. Requirements of Growth Media

Most commezcially availoble culture media contain partially
hydrolyzed proteins, peptones, and/or purified amino acids. Likewise,.
most of these media contain adequate quantitics of vitamins. The growth
media for any particular organism, however, may not be optimal in its
‘concentration for any single constituent. Tt is possgible for the media to be
adequate in all constituents for most microorganisms and yet be marginal
or deficient for & particular organism, Similarly, the growth of some
organisms may b2 strongly inhibited by the presence of large quantitles of
certain media constituents, '

Organisms which have been subjected to physical or chemical injury
may lack the dapacity for growlng in an adequate medium due to cellular
"damage. This damage may be reversible in the case of exposure to a
variety of chemical disinfectants (hexachloropaene and quaternary ammonia
compounds). Ths latter two agents can Induce sufficlent damage to prevent
the growth of a wide variety of microorganisms. The effects of this damage
may be reversed by adding polyoxyethylene sorbitan mono-oleate and
purified soybean lecithin., It is believed that these substances are assimilated
by the injured organisms and that they reconstitute the damaged hydrophilic-
hydrophobic cell membrane interface. Likewise, it is known that certain
substances may be added to the growth media of microorganisms inhibited
by lonizing radietion and that subsequent growth takes place. Little work

has been done on attempts to reverse the effects of heat on microorganisms.

14



Although there are good theoretical grounds to support the view, at least

some heat damage may be reversible.

c. Procedures Used to Detect Growth

The most common method of observing the growth of microorganisms
is dependent upon visual perception of turbidity, pellicles, colonies, or
floating particles. Usually such materials are stained and examined
microscopically. This means of detecting growth is inadequate when such
growth is slow or abortive. Detection precision can be increased by
centrifuging fluid cultures which otherwise do not show growth, and examining

microscopically the stained sediment.

B. ELECTRON S?PIN RESONANCE
1. Introduction

Electron spin resonance spectrometry represents an application of a
physical method for the study of biochemical phenomenon. Electron spin
resonance involves the absorption of incident energy {usually in the micro-

wave region) by unpaired electrons under the influence of a magnetic field.

a. Theory of Method

Magnetic resonance is the phenomenon of inducing transitions
between unpaired electrdns of differing energy levels. These energy
transitiéns are analogous to vibrational-rotational transitions in other forms
of spectroscopy. Electron spin resonance is c¢oncerned with the magnetic
moments of unpaired electrons. Electrons spin like tops and being electrically
charged create a magnetic field. The energy generated by this magnetism
can be detected and measured In a magnetic field. 1If this spin'ning activated
electron is also subjected to another magnetic fleld which is at right
angles to the main magnetic field that is created, but which is pulsating,
then the frequency of the pulse becomes the same as that of the frequency
of precession. Then interaction will occur which will change the electron's

orientation., When this change occurs, energv Is absorbed. This absorbed

15




"~ energy is detected in an electron spin resonance spectrometer.

b. Existence of Free Radicals in Living Systems

The first evidence that unpalred electrons associated with free
radicals of metabolic origin were reported in freeze-dried samples of
microorganisms, plant, and animal tissues. Because the free radical
concentration of most microbial systems is very low (on the order of 10H7
to 107°
most eleciron spin resonance detection containers is on the order of 0.1 to

0.3 cms. Electron spin resonance studies of oxidation reduction enzyme

M) extremely sensitive instrumentation is required. The volume of

systems provide a possible means of detecting enzymes. Michaells in
1940 suggested that although many enzymatic >xldation reduction processes
appear to involve two electron transfers, elecirons are actually transformed

one at a time after the first step.

Carefully detailed electron spin resonance Investigations of succinc
acld dehydrogenase have been particularly useful in providing information
regarding the role of free radicals in enzyme catalyzed processes (Figure I-4),

Major soarces of unpalred electrons in living systems include:

1) Respiratory enzymes
a) flavins (flavin mono nucleolide, flavin adenine
di nucleotides)

b) cytochrbmes b, bl' C, Cl’ a, a3

¢) hemoglobin, myoglobin

2) Metalloflavo proteins (succinic acid dehydrogenase, anthine
oxidase, aldehyde oxidase, nitrate reductase, sulfate

reductase, aldehyde reductase)
3) Enzymes concermned with photosynthesis

In addition, an excited electron may travel through a continum of
fibrous proteins. Tt has been suggested that such proteins may link the
insoluble outer fibrous proteins with the insoluble oxidation enzymes of the

cell. Desoxyribonucleric acids (DNA) also may contain excited electrons

16
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following excitation. Bilological systems carrying out either oxiditive or
reductive pathways would thus create a steady state stream of unpaired
electrons. As would be.'expected when the living organism 1is no longer in the
living state where unpaired electrons would be found. Unpaired electrons
appear to be essantial components of living organisms by virtue of their

necessary role in biological oxidation and reduction mechanisms.

QOther types of systems exist In which paramagnetic electrons may
be demonstrated. Wool represents a material produced by a living system
but which is a nonliving tissue and following electrical or light excitation,

" contains unpaired electrons. Szent——Gy.o'rgyi in 1946 described the presence

of impaired elecirons in gelatin dyed with various ionic dyes. The paramagnetic

spectrum of hemoglobin is shown in Figure I-5. The spectrum of the anino

acid glutathione is shown in Figure I-6.

2. Methods

In an éxploi‘&tory test to determine whether the effects noted by
Heckly and Dimimick might occur in other types of cells, the following
steps were taken., Spores of B. subtilis were placed into each of several
“guartz tubes. These tubes were 9 Inches long and 2 mm in diameter in order
to fit the sample holder in the Varian EPR spectrometer. The tubes were
. sealed on one end but open to the atmosphere on the other. Except for
those in one tubz, the spores had beeh dried from suspension in acetone
and were in the form of dry, unground, lumpy powder. They numbered
2.5x% 1011 spores per gram of dry powder and each tube contained about
0.1 gram of them. From the original container, the spores were sifted into
a sterile beaker suing a sterile fine—~mesh screen sleve. By means of a
small glass funnel they were then transferred Into the quartz tubes. Yeast,
in the form of dry active cells (Fleishmanns baking yeast) (approx. 5 x 107

cells) were similarly dispens.ed into quartz tubes.

Using a disposable glass syringe, 0.1 ml of the liquld phase of each
of the blocides; ethylene oxlde, ethylene imine, acrolein, acetone, or

peracetic acid (40%) was placed on top of the organisms in the tube.

18
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Bovine Hemoglqbin at 77°K
N\

100 KC Modulation
4g p-p
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:rﬁ\?ﬂjjlﬁ
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l-aﬁ 160 g b—l
HO —_—
Figure I-5. First derivative trace of paramagnetic resonance

absorption developed in bovine hemoglobin after
ultraviolet irradiation at 77°K. Only the weak
pre—irradiation absorption could be detected in

this sample when it was warmed to room temperature.
H1 field was approximately 0.07 gauss.
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Reduced Glutathione at
Room Temperature

%M%W'j&

Reduced Glutathione

Figure 1-6. TFirst derivative traces of paramagnetic resonance
absorption in reduced glutathione. This compound
is a tripeptide composed of glutamic acid, glycine
and cysteine. This compound, in the form of a dry
powder, was placed in a tube and the tube was
evacuated in an attempt to remove oxygen. The
tube was then sealed and the compound was cooled
to 77°K and irradiated with ultraviolet light. During
the absorption measurements at 77°K, the 100 XC
modulation amplitude was 0.6 gauss peak-to-peak
and H, approximately 0.15 gauss at room temperature,
the 10‘0 KC modulatior was 2.0 gauss peak-to-peak,
the H1 field strength wvas unchanged.
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3. Resulis

The bacterial spores with and without ethylene oxide, chlorine, or
ethylene imine gave a very strong signal (in excess of 1 millivolt). The
yeast gave a weak signal which was the same whether or not they had been
treated with blocide. ﬂeating the tubes gently produced a darkening of the
contents and an increase In signal. This same effect of heating (charring)

occurs with sugar, however,

4. Discussion

A vast variety of materials derived from nonliving sources are also
known to have unpaired electrons. Riehl (1955, 1956) has considered
the energles, ¢., to transfer an electron from a molecule in a crystal
latiice to its neérest neighbor in the lattice, and €y to transfer an electron
from a molecule to a distant site within a lattice. These quentited according
to Lyone (1957) are:

Ael=I~Ae2/r—Pu

Ae,=1-A - 2Pi

2

Here I is the ioﬁizaﬂ_on potential, A the electron affinity of the
molecule in vacuo, e/r is the Coulombic energy of the ion pair, Py the
polarization of the crystal due to the lon pair, and 2Pi the polarization of
the crystal due to the separated lons. Due to the vast range of possible
compound crystels and types of interactions in eiectronic components and
component materials, it would be expected thuat paramagnetic signals could
occur in nearly any range and could obscure signals found from living cells
(due largely to paramagnetic species of carboun oxygen, sulfur, nitrogen,

copper, iron, molybdenum and zinc).

S. Conclusions

Clearly, ESR, if it were effective in detecting the presence of living
organisms in soiid materials, would offer the bossible advantage of non-

destructive testing. Unfortunately, however, it is not possible to reliably
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h distinguish between living spores and dead spores, living yeasts and dead
yeasts, or even charred material from living material, The difference in
EPR signal emplitude in rapidly metabolizing, slowly metabolizing, and
dead cells is not sufficiently large to provide data which would be useful

even as a "screening” method.

Many solids derived from purely nonliving matter provide strong EPR
signals. Examples of these materials are:

diphenyl picrylhydrazine
phthalocyanine
anthracene

dimethyl aniline-bromanil complex

In addition to the compounds on this list are many others including
plastics mixed with metals. '

"EPR speciroscopy would not be useful as a method for the detection

of living (or even nonliving) microorganisms in solid materials.

C. STAINING
1., Introduction
a. Theory of Methods

A wide range of dyes are available whose staining characteristics on
microorganisms have been investigated. The binding affinity of the stain
for the microorgenism may reflect discrete and sometimes relatively specific
chemical bindinc sites on the cell wall or cytoplasm of the organism,. For
example, Alican Blue Is a dye which binds to acldic substances and is
useful for showing the presence of acid mucopolysaccharides. A wide
range of other dyes characterized by relatively strong and nonspecific
staining properties are well known. The latter category Includes most
bacterioclogical stains, examples of which are methylene blue, Azure 11,
Gentlan violet, and most of the triphenyl methane dyes. Durlng the course
of stalning by these dyes, microorganisms are usually rendered nonviable.
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As a rule, those organlsms which are not stained by a particular dye
may have cell walls which are protected by fatty or waxy coais, or the
electrical charges on the dye molecule may be similar to that of the cell %
wall of the unstained organism and electrostatic repulsion prevents the dye l

from binding to it.

b. Poterntial Use with Solid Materials

‘When bacterlological stains are interacting with microorganisrﬁs . the
binding affinities of the dyes for the organisms become highly critical. If %
the affinity of the dye for the microorganism is higher'than that of the solid :

fragments of the materials, contrast will be apparent. This contrast is

highly important and should under idealized conditions result in an unstained
background of solid fragments and intense, characteristic staining of the

microorganism. Theoretically one of the methods which could be applied

to provide such staining characteristics involve the incubation of the
pulverized solid with very dilute stain solutioca. When the microorganism é
binds the stain and the background of solid material fragmeh’ts do not stain,

the presence of microorganisms may be established. A second type of approach

may be used in which the pulverized solid is ireated with a more concentrated

stain with the object of obtaining maximal staining of microorgan'ism even

though the pulverized solid fragments may stain Intensely. This over—
stained material may then be destained by treatment with a solvent in which
the dye is very soluble. In some cases destaining may be accomplished E
by treatment with ether, acetone, or other noraqueous solvents, Another

approach to desialning is to use acld or alkaline solutions which reverse E
the bindirig of the dye to the surface of the solid particles, thus facilitating n

its removal with the solution leaving the microorganisms selectively stained,

One of the major limitations of dye staining technique is that the

microorganism must possess a characteristic structure in order to differentiate

4

it from stalnable debris. Artifacts would thus obscure organisms which are

distorted or which do not have distinctive shapes. Fungal elements and

yeasts are usua.ly less difficult to distinguish because of their more easily

|
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distinguished intracéllular detail and the presence of a well developed
cell wall.

2' MethOdS

A mixed inoculum of Serratia marcescens, Bacillus subtilis,

Closiridium sporogenes and Ulocladium was inoculated into solid rocket

propellant and a solid epoxy plastic material (Maraset*). The inocula in
both cases consisted oi 103 of each organism/cm3 of the propellént or

‘plastic. The solids were pulverized by sawing with a hack saw type blade.**

Approximately 100 mg of each of the solids were stalned using

the following stains:

1)  Gram stain

2) 2.0% methylene blue
3) Alican blue

4) Carbol fuchsin

5) Malachite green

Destaining was attempted with the following solvents:

1) Water
2) 2% HCI1 in water
3) Acetone-alcohol

4) Chloroform

Fach of these destalning solutions were visually.con’crolled by microscopic

observation.

3. Results

The backgrounds of the stained specimens were unsatisfactory in all

cases. It was not possible in most cases to clearly differentiate the

*Marblette Corp. 37-31, 30th St., Long Island City, N, Y.
**Blade No. 1218—3, Clemson Bros., Inc.
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spores from the background debrlis. The appearances of the stained organisms

are shown in Tables 1-1, -2, -3. The background consistently was nonuniform
in apbearance. The conidia (spores of fungl) could be seen and differentiated.
in all stained preparations; however, scanning was tedious and many

stained fragments could not be unequivocally distinguished from debris.

The propellant was opaque and stained intensely. Destaining did
not lead to improvement of microscopic detection of microorganisms, The
staining methods as applied in this study were not useful In the detection

‘'of microorganisms in solid propellant.

4, Discussion

Siaining methods are useful for detecting microorganisms under
certain specified conditions. If the background of the microscopic field
is sufficiently uniform they may be easily differentiated from the debris.
In the process of pulverizing solid materlals, fragments of various sizes
and shapes and possessing varying optical properties generally obscure the
outlines of microorganisms énd increase incidence of artifactitious inter-

pretation is pogsible.

"No differences were observed between gtained viable and nonviable

spores of B. subtilis.

5. Conclusions

Staining of pulverize'd solids using a variety of bacteriological stains
was relatively ineffective for demonstrating the presence of bacteriological
spores. Less difficulty was encountered in some instances in the Maraset
plastic of detecting fungél hyphal and conidial structures than with the
bacterial spores. Detection of microorganlsms by staining of propellant
was more difficult than with stalned Maraset plastic.

Staining with the stains used in this study did not result in detectable

differences between viable and nonviable organisms,
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D. FLUORESCENT STAINING E
1, Iniroduction
a. Theory of Method

Using llght microscopy and nonfluorescent dyes the background of
the microscopic field is bright and contalns the detailed and confusing
outlines of opague or semi-opague solid fragments which may or may not

stain the same color as the organism.

Microorganisms may be detected within solids more readily by the
use of fluorescent staining. Organisms stained with a fluorescent dye may

be visualized microscopically using an ultraviolet light source. The number

of fluorescent dyes which have proven satisfactory for the staining of micro-

organisms are much smaller than those nonfluorescent dyes used for routine

bacteriological staining purposes. However, there are distinct advantages
to the use of ultraviolet fluorescent microscopy. The fluorescent light
source system may be adjusted to provide a microscopic background field
which is essentially black. The particles of solids which do not take up
the fluoresceni stain therefore would not be 7isualized. Ideally, the back-
ground should be as nearly black and uniform as possible. The organism
which has taken up the fluorescent dye would appear as a bright fluorescent
structure against a contrasting dark or black field. This, of course,
facllitates the task of detecting small numbers of organisms in a pulverized

sample.

Ideally, in the evaluation of the coniamination level of solid
materials, staining procedures should be abie to detect relatively small
numbers of viable cells, preferably as few as one. Such requirements
indicate that the ultraviolet fluorescent technique should be best suited to
the job. For this reason, most of the literature survey and the subsequent

experimental work emphasizes ultraviolet fluorescent techniques.

b. Differentiation Between Living ard Dead Cells

Very few reports were found In the literature In which the use of

stains or dyes to distinguish viable from nonviable microorganisms was

29
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described. Only one was found that was directly related to viability of
microorganisms (Meisel 1961). Meisel reported that the fluorescent dye,
primuline, could be used to distinguish between living and dead micro-
organisms. The report of the experimental procedures was somewhat brief
but it did state that dead cells fluoresced much more intensely than did

live ones. This effect was demonstrated by using live organlsms in the

dye on a microscope slide and heating the slide while it was under observa-
tion. As the heat killed the cells they showed intense fluorescence. .

The effects were reported for vegetative cells.

Several investigators have reported that diffefentiation between
living and dead cells, other thaﬁ microérganisms, was possible with the
fluorescent dye. acridine-orange. Yurtsev (1360) used the dye to determine
pollen viability in certain cereals. Vinegar (1956) reported differential
staining of living and dead ascltes tumor cells with acridine-orange.

This dye has been used to distinguish between cancerous and noncancerous
cells and is the basls for rapid screening te'chniques on cervical and
vaginal smears. Van Niegkerk (1962) reported a procedure using acridine-
orange to detect pathogenic vaginal flora in viginal smears. Both bacteria
and protozoa were stalned by the dye. There are sevéral descriptiohs
(Riva, 1962, Anon., Stain Tech., 1962) of the use of acridine-orange for
staining of tisAsue sections and for exfoliative cytology studies. While

" there were some minor modifications in all the reported proCedures using
acridine-orarge, all used dye dilutions of from 1:5,000 to 1:10,000 in an
acid (pH 3 to 5) buffer.

Oginsky and Umbreit (1955) point out that cells of certain microorganisms
lose acid fastne‘ss (stain not removable by acid solution) when subjected to
mechanical damage. The possibility is suggested that loss in acid fastness
might also be a consequence of loss in viability. One of the staining
procedures for bacterial spores is based on an acid fast technique using
carbol fuchsin (not a fluorescent dye). Auramine-O is a fluorescent dye
used to stain acld fast tubercle bacillli and might be useful in distinguishing
between viable and nonviable spores. These spore-staining and acid-fast

staining techniques are a portion of standard laboratory procedure (Conn 1957).
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Another potentially useful fluorescent material is the antiblotic,
tetracycline. While not considered to be a biological dye, this antibiotic
is absorbed by many types of cells anc_l does fluoresce in ultraviolet light.
This material has been used to identify growing bone (Hattner 1962) debris
in the region of cancerous growths (Milch 1961; Vassar 1962), certain
parésites (Tobie 1960), and the mitochondria of cells (DuBuy 1961) by
the fluorescent technique. One theory of the action of the tetracyclines
is based upon the binding of calcium ion (Anon., Chem. Eng. News, 1962),
and action upon enzymes which require calcium similar to that of some
chelating agents. Riemann (1961) has shown that germination of spores
can be greatly stimulated by the use of chelating agents in the presence
of the proper calcium concentration. It is possible that in the presence
of calcium, tetracycline couid act as a spore germination stimulant with the
result that viable spores would have a greater uptake of tetracycline than
nonviable ones. If this were the_ case, a possible staining procedure for

distinguishing viable from nonviable spores -might result.

~ Other fluorescent biological dyes are available (Anon., Reichert,
1963) for staining microorganisms. The fluorescence and absorption

spectra {for many of these dyes are available (Porro 1963).

¢. Fluorescent Antibody Technique

One of the fluorescence techniques which has been the subject
of extensive investigation since its introduction in 1941, is that of the
fluorescent antibody technique. 1In one form of this technique, an antibody
is prepared, in some appropriate laboratory animal, against a specific
microorganism. The antibedy is labelled with a fluorescent molecule., When
the labelled antibody comes in contact with the antigen (in this case, some
portion of the specific microorganism) the antigen-antibody reaction site
is marked with the fluorescent label. This technique, as well as several
modifications, has been used successfully in the rapid and quite specific
identification of microorganisms. It is sufficiently sensitive that a

single microorganism can be detected.

31

[



2. Methods

a. Fluorescent Dyes

The four fluorescent dyes selected for Investigation were tetracycline -

(or one of its derivatives), primuline, acridine~-orange, and auramine-O.
No staining procedures using tetracyclines were found in the literature |
so that preliminery studies to develop an effective procedure were made.
Some exploratory experimentation with primuline was also necessary.

Procedures for acridine~orange and auramine-0 were taken directly from

the literature.

b. Staining Procedures Used

(1) Tetracycline. Two tetracycline compounds were selected for

the initial screening, te’cracycliﬁe itself and dimethylchlordtetracycline* .
The latter compound gave the stronger ﬂuoresc:ence,and was used in sub-
sequent procedures. A 1/3 fractional factorial design was used with the

following factors being investigated at three levels; pH of the buffer used

to dissolve the dye, CaClz concentration, exposure time of the microorganisms

(B. subtilis sporas) to the dye—CaClz mixtuwe, and the pH of the buffer used
to mount the coverslips on the slides. On the basis of this experiment it
was found that the Intensity of the fluorescence of the spores was neither
dependent on the pH of the buffer used to dissolve the dye nor on the CaCl2
concentration (including none). There was a small effect of exposure time
(one hour being best), and a strong effect of the pH of the mounting buffer.
In the latter cas«, the more alkaline buffers ware better, pH of 9.0 being

the highest used.

A second experiment was performed in which the dye concentration
and the type of buffer for coverslip mounting were the primary factors.
Two buffer systems were used, one aqueous and one with glycerine. The
results indicated thét the concentration of the dye was not a Qritical factor,
The glycerine buffer {(pH of 9.0) was considerably better, however, than

an aqueous buffer of the pH.

*These materials were donated by Lederle Laboratories as Achromycin and
Declomycin, respectively.
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On the basis of these two experliments, the following procedure was

used:

1.

Prepare an 0.5% solution of Declomycin in Sorensen's

phosphate buffer, pH of 7.0.

To one ml of this dye solution add three drops of a B. subtilis

spore suspension contalning approximately 109 spores/ml.
Incubate for one hour at 37°C.
Cenirifuge, remove, and discard the supematant.

Resuspend the centrifuged spores in giycerine buffer, pH 9.0.
This buffer is prepared by adding 9.8 prarts of glycerine to 0.2
parts phosphate buffer, pH 9.0. ' '

Place one or two drops of the suspension on a microscope
slide, cover with a coverslip, and examine with ultraviolet

light using oil immersion objective.

(2) Primuline. Meisel (1962) gave very little information on the

preparation of the dye. Primuline is soluble in alkaline solutions and

moderately insoluble in acid. Two pH's, 7.0 and 8.0, were selected for

study and two primuline concentrations were used, 1:10,000 {one gram
in 10,000 ml buffer) and 1:100,000. Because of the relatively small number

of variables, no preliminary experiments were made. The following

procedure was used:

1.

Z'

4,
S.

Prepare four solutions of primulin=2 of 1:10,000 and 1:100,000
dilution of phosphate buffer, pH of 7.0 and 9.0.

To one ml of each sblution add 3 drops of the spore suspensions
being studied (approxima‘cely_l ()9 spores/ml) . '

Incubate 30 minu’tes at 37°C.
Centrifuge, remove, and discard supernatant.

Resuspend spores In phosphate buffer, pH of 4.4.
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6. Place one or two drops of suspension on microscope slide,

cover with coverslip, and examine.

3) Acridine~Oranqe. The procedure of Van Niekerk (1962) was

used and is as follows:

1. Prepare smears of spore suspensicns on microscope slides and

allow to ailr drv.

2. Fix smear in 95% ethyl alcohol and aiethyl ether (1.1) for

10 minutes.

. 3. Pa'ssyslide quickly through rinses of 80, 70, and 50% ethyl
alcohol.

4. Leave in distilled water for 2 minutes.

5. Put in citric acid-disodium phosphate bufier, pH of 3.8, for

3 minutes.
6. Stain in 0,01% acridine-orange in pH 3.8 buffer for 3 minutes.
‘7. Putin clean buffer, pH of 3.8 for 4 minutes.
8. Mount Coverélip with same buffer.

9. Examine.

(4) Auramine-O. The procedure of Richardson and Miller (Conn 1957)

was used and is as follows:
1. Prepare solution "A"

Auramine-O (94% dye content) 0.1 gm
Liquified phenol 3 ml
Distilled water 97 ml

2. Prepare solution "B" (must be freshly prepared)

Ethyl alcohol (70%) 100 ml

Conc HCI 0.5 ml

NaCl 0.5gm
34



3. Prepare smears and air dry.

4, Stain in solution "A" for 2-3 vminutes .

5. Wash in tap water.

6. Destain in solution "B" for 3-5 minutes.

7. Dry siide and examine with high dry objective.

(auramine-0O does not fluoresce in solution).

¢. Spore Suspensions

~ Viable spore suspensions were prepared by dry B. subtilis spores.
Nonviable spore suspensions were prepared by exposing dry viable spores
to ethylene oxidz, autoclaving, dry heat, and chlorine gas. Viability
and nonviability were verified by culturing on Trypiicase soy agar plates.
Pinal concentrations used for the staining procedures was approximately

10° spores/ml.

d. Microscopy

Ultravioiet fluorescent microscopy was performed using an American
Optical binocular microscope equipped with a dark—-field condenser. .
Objectives used were either a 43X high dry or a 97X oil immersion with an
- Integral iris diaphragm. Oculars were 10X. The light source was a Leitz
Model 250 using an Osram HBO 200 high pressure mercury vapor lamp.
Filters available for the light source were a 4 mm red suppression filter,
BG~-38, a2 mm eat absorbing ‘filter, KG~1, a 2 mm ultraviolet fluorescence
filter, UG-1, and a 3 mm blue fluorescence filter, BG-12. Available barrier
filters were Wratten 2A, 2B, 2C, and 15G. For all of the studies the
following combination was used: 2 mm KG-1, and 2 mm UG-1 lamp filters
and a Wratten 156 barrier filter.

3, Results
a. Tetracycline

The first experiment compared the fluorescence of viable and
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nonviable spores. Duplicate slides were used. Fluorescence intensity
was judged semiquantitatively as + through ++4++.,

TABLE I-4

‘Tetracycline Fluorescence of Viable and
Nonviable Spores of B. subtilis var. niger

Spore Suspensgion ' Replicate { Fluorescence
Viable 1 4
2 +++
Autoclave killed® 1
4
Dry heat killed#* 1 KRR
2 F44+-
Chlorine killed*# 1 4+
z ' e
Ethylene oxide killed 1 A+t
2 ++++

*gpores falled to centrifuge
*%gpores markedly distorted

These results indicate no significant difference between the staininc
of viable and noaviable spores. In order to cteck the possibility that
staining differences, If present, might be more apparent for short incubatior.
times, a second experiment was performed in which incubation periods of
1, 5 and 15 minutes were used.
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TABLE I-5

Effect of Incubation Time on Tetracycline Fluorescence

Staining of Spores of B. subtills var. niger

Incubation Time Spore Suspension Fluorescence
1 minute Viable ++
‘ Autoclaved ++
Heéted dry At
Chlorine treated ++
Ethylene oxide treated ++
5 minutes Viable ++
~ Autoclaved ++
Heated dry +++
Chlorine treated ++
Ethylene oxide treated ++
15 minutes Viable +++
Autoclaved 4+
Heated dry A4+
-Chlorine treated +++
Ethylene obxide treated +++

Although there appears to be slightly greater fluorescence with the

dry-heat killed spores than with the others . the difference is not sufficient

enough to be the basis of a reallable differentiation technique.

b. Primvline

For the primuline experiment, spore suspensions were limited to

‘viable and dry-heat killed. Two primuline concéntrations and two buffer

pH's were tested.
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TABLE 1I-6

Effect of Primuline Conceniration and pH on Fluorescence Staining Intensity
of Viable and Nonviable Spores of B. subtilis var. niger

Primuline Concentration Buffer pH Spore Suspension { Fluorescence

1:10% 7.0 Viable 4+

Heated dry +++
9.0 Viable ++

h Heated dry A+t
1:10° 7.0 Viable -+

Heated dry +++
9.0 Viable ++

Heated dry T

Here again, there was a slightly greater fluorescence with the heat
killed spores than with the viable ones. The differences, however, were

not great enough by this procedure to permit a reliable differentiation between

viable and nonviable spores.

c. Acridine-Orange Fluorescent Stainin:g

The results are as follows:

TABLE 1-7
Spore Suspension T'lucrescence
Viable o+
Autoclaved +
Heated dry ++
Chlorine treated +
Ethylene oxide treated +
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d. Auramine-O

The results are as follows:

TABLE I-8

Auramine~0O Fluorescent Staining of Viable and
Nonviable Spores of B. subtilis var. niger

Spore Suspension Fluorescence
Viable At
Autoclaved ' T
Heated dry ;;_++
Chlorine treated +++
Ethyvlene oxlde treated -

No differenced between viable and nonviable spores was found.

4, Conclusions

a.

No significant, practical differential staining reactions
were found for any of the four staining procedures tested.

There appears to be a slight increase in the fluorescent
intensity of dry-heat killed spores compared to viable
spores or to spores killed by other means.

Fluorescent intensity for the abovz procedures was greatest

with tetracycline, intermediate with primuline and auramine-O
and least (weak) with acridine-orange. All procedures stained
both spores and vegetative forms (some vegetative forms were

present in the spores suspensions).

Though no distinction between viable and nonviable contamina-
tion inside solids, through stainirg techniques, appears to be
possible, detection of the contamination is quite possible and
feasible for many solid materials. In combination with culturing,
staining can Increase the sensitivity of the detection technique
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when the metabolizing cells act on ingested stain (Saiberg 1960).

e. In none of the fluorescence technlgues nor the conventional
staining techniques described in Table I-1 did the ethylene

oxlde klilled spores appear different from the viable spores.

E. ELECTROPHORESIS

1. Introduction

[atotiolietioliing

a. Theory of Electrophoresis

Flectrophoresis is a method of separating particles, microorganlsms
and macrcmolecules which depends upon their electrical charges and
molecule shape and welght., When particles with an electric charge are ‘
placed in an electric field they will move toward the electrode possessing
an opposite elec’cric:al‘c.harge, (Figure 1-7). The direction of migration is
determined mainly by the charge in the particle. Particles with different charges

will move with different velocities and thus can be separated from one

another.

b. Potential Application for Separation of Living from Nonliving Cells

Life processes affect the electric charge-to-mass ratio of cells, The
life processes going on in the living cell tend to maintain electric charges
of characteristic types and magnitudes for particular cells. When populations
containing both living and dead cells are suspended in a fluid in an electric
field the tWo types may exhibit different mobilitizs. This technique if it
were effective mighat be useful in determining death-rate mechanisms because
in any particular sample it is almost impossible to observe all the cells, both
living and dead. The ratio of cells exhiblting the two different électrophoretic:

mobllities would be measured.

The distance through which a particle moves under the influence of
an electric current is proportional to the time and to thé electrical potential
gradient at the site where the particle is. The potential gradient in tum
depends upon the current, the conductivity of the solution, and the cross-sectional
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area of the solution at this point. The proportionality constant is known
as the electrophoretic mobility.

2. Methods
a. Description of Apparatus

A standard rectangular microelecirophoresis cell was utilized in the
study in which the mobility of the cells was observed by a microséope
with a total magnification from 200 to 1000X. The velocities were determined
by focusing on a given particle and measuring the time required for the
particle to traverse a given distance using a callbrated ocular micrometer.
The microscope was focused at one of two planes in the microelectrophoresis
cell., These two planes are referred to as the stationary planes. In an
electrophoresis cell of this type the observed velocity of the particles will
be composed of two components. One component Is due to the true
electrophoretic forces on the particle and the other is due to a motion of
the fluid itself vsithin the electrophoretic cell (the electro-osmotic
streaming effect) . The latter phenomenon is due to the effect of the
electrical field on the suspending fluid. For a closed cell, as is used
for electrophoresis studies, the velocity due to electro-osmotic streamihg
Is @ maximum on the centerline in one direction and is in the opposite
direction along the walls,

At some plane between the cell center line and the wall the streaming
velocity is zero. These are the stationary planes. The motion of particles
in these planes is due solely to the electrophoretic mobility and these are
the planes upon which the microscope must be focused. The isoelectric
point is determined by finding the pH of the suspending fluid for which
the particle velocity in the stationary plane is zero. This was done by
measuring the velocity for a range of pH's on either side of the isoelectric
point and plotting velocity against pH. The pH where the curve crosses
the zero velocity line is the isoelectric point. (Figures I-8 and 1-9)

b. Preparation of Organisms

Bacillus subtilis spores were killed by the following treatments:
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Figure 1-8.

Surface charge potentials are positive on both
sides of the cell membrane. This occurs over
a range of pH values in which amino groups are
ionized and are more riumerous than carboxyl
or other acidic functicns. '
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Surface
of Shear

Figure 1-9.

The cancellation of surface charge potentials.
Both sides of the cell membrane (including the
cell wall) have an excess of negatively charged
dissociable groups at high pH values when
amino groups are not charged.
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heating, exposure to formaldehyde fumes, to ethylene oxide and to chlorine.
To insure that the above exposure treatments rendered the spores nonviable,
samples of the suspensions were cultured on both Fluid Thioglycollate
Media and Trypticase Soy. It was found that the treatments applied did
induce sterility. The killed spore suspensions were used in the same way
that the viable suspensions were used to determine what differences if

any could be detected.

3. Resulis

The appurent isoelectric point of unireated B. subtilis spores was
determined by microelasctrophoresis to be 2.5, At pH ranges above and
below 2.5 there were no reproducible differences between the viable and

nonviable cells (Figures I-10 through I-14).

4. Conclusions

Electrophoresis of living and dead cell preparations did not show
differences of sufficient order of magnitude to provide a useful means for
differentiating ketween viable and nonviable cells, 1In order to prdvide a
more sensitive means for the measurement of electrophoretic mobility as
a function of pH it would be necessary to refine the technique. However,
based upon the experiments performed upon the suspensions of B. subtilis,
- the order of magnitude of difference between viable and nonviable cells is
so.small that it is doubtful that even with highly refined apparatus that this

method would show promise.

F. AUTORADIAGRAPHY
1. Introduction

A cell is metabolizing but not reproducing may in theory accumulate
radioisotipe~labelled metabolites and thereby make itself radioactive. By
use of the technique of autoradiography (Joftes 1963) these cells which
have accumulated radioactive tracers may bé visualized on a photographic
plate (Figure I-15). '
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The principle of this method depends upon placing the organism
rendered radioactive into intimate contact with a photographic emulsion
which is senslitive to very weak beta radiation. The weak beta rays then
strike silver crystals causing opaque " squiggles" at the site which is
struck by the ray. The pattern of opaque silver on the emulsion after
photographic development ideally should be similar to that of the shape of
the microorganism. If the sample is gtalned, the silver grain should be
observed within the boundary of the cell. |

2. Methods
a. Organlsms

Samples of viable spores of B. subtilis were killed by dry heat,
autoclaving, exposure to ethylene oxide to ultraviolet irradiation, and to
chlorine. ‘

(1) Viable Spores. The viable spores were suspended in water to

give a concentration of 108 cells per centrifuge tube (100 mg spores). The
viable count of these spores was found to be 7.7 x 1010 viable spores
per 100 mg.

(2) Heat Killed Spores. 100 mg of lyophilized spores (7.7 x 1010

organisms per cenirifuge tube) were exposed to dry heat at 180°C for a
. perlod of 2 hours. 20 ml of sterile distilled water was added to the

centrifuge tube.

(3) Ethylene Oxide Killed Spores. 7.7 x 101_0 spores were exposed

to ethylene oxlide for a period of 8 hours at 4(1% relative humidity. They
were suspended in 20 ml sterile distilled water.

(4) Autoclave Killed Spores. 7.7 % 100 spores were autoclaved

for ‘20 minutes at 15 lbs. pressure in 20 ml distilled water.

(5) Uliraviolet Killed Spores. 7.7 x 1010 spores distributed in a

thin layer on a Petrl dish were exposed in a sterile enclosure to an ultra-
violet Sterilamp for a period of 4 hours at a d!stance of 6 inches.,

(6) Chlorine Killed Spores. 7.7 x 1010

exposed to dry chlorine gas for a period of 2 hours. The organisms were

lyophilized spores were

then suspended in 20 ml of sterile distilled water.
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G. DISCUSSTON OF DETECTION METHODS

1. Electrophoresis

The nonculturing techniques studied did not provide a rellable means
for distinguishing between living and dead cells. The electrophoretic
behavior and staining characteristics are dependent upon charge disiribution
and swface characteristics of the cell walls of microorganisms. TFigure I-7
shows the types of binding sites on cell walls. Dye molecules which
possess electrical charges opposite to those present on the cell walls of

microorganisms may lend selectivity to such organisms.

Electrophoretic methods for the separation of charged particles including
microorganisms rrovide a means for separating such particles and organisms
accordiﬁg to their electrophoretic mobility. In the studies conducted
in which viable croganisms were contrasted with nonviable organisms, the
differences in electrophoretic mobility were extremely low and in some
cases nonexistent. Thus, under the conditions of the experiments
conducted it is clear that electrophoresis does not provide a reliable means
of differentiating between viable and nonviable organisms. It is also
apparent that in a complex mixture of solids particles and microorganisms
that solid particles which possess a similar elactrical charge distribution
and may have the same or similar electrophoretic mobility as microorganisms
and thus obscure attempts to diffentiate microorganisms from other solid
debris.:

2. Staining
While it is true that the binding or lack of binding of dyes to cell

walls of microorganisms is not altered in a detectable way in nonviable

as contrasted to viable microorganisms, the detection of organisms in

either category is often helpful in assessing contamination levels. The
presence of artifacts In stalned samples of solids decrease the effectiveness

of staining methods for the detection of viable or nonviable microorganisms.

The use of fluorescent staining techniques offers advantages over

light microscopy staining techniques. The microscoplc field background may
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be so adjusted as to be essentially black, Microorganisms (living and dead)
appear as brightly colored fluorescent structures against this background.
Thus it is possible to microscoplcally scan since detection of a bright
fluorescent object against a black background involves less fatigue and
greater sensitivity since contrasting backgrounds do not appear when this
method is ideally applied. Unfortunately, it is not possible to reliably
differentiate between viable and nonviable organisms through the use of

this method even under optimal circumstances shince the differences between

viable and nonviable cells involve differences in intensity of fluorescence.

. 3. _Aﬁtoradioqraphy

Autoradiography did not pfove to be an effective method for the
detection of microorganisms elther viable or nonviable. The requirements
inherent in the use of autoradiography are: (1) the cell mﬁst be permeable
to the radiocactive compound used and should retain the compound when
washed, (2) the solid must be sufficlently uniform in texture such that
less than 2.0 microns distance exists between organisms containing the
radioactive label and the photographic emulsion, (3) that the solid does
not nonspecifically bind the radloactive compound.

In the experiments conducted using radiocautography, the prolonged

“ time interval required even with large populations of spores would indicate
that this method is relatively insensitive and time consuming. In addition
if this method were to be applied to solids it would be almost impossible

fo pulverize sollds uniformly without destroving the structural integrity of
the organlsms. Since the examination of the radicautograph is dependent
upon the structural outlines of the cell, it is obvious that this method would
be tedious and would lend itself to the detection of artifacts in addition

to being insensitive.

——

4, lectron Spin Resonance

Flectron spin resonance provides a means of detecting atoms or
molecules possessing unpaired electrons (free radicals). Living systems
contaln enzymes which carry out bioclogical oxidations and reductions

which at some stage of electron transfer produce free radicals which may
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be detected by the use of ESR resonance. Thus, it would appear that if

only living systems contain free radicals, ESRY spectroscopy would provide

an elegant nondestrucive method for the detection of viable microorganisms

in solld materlais. Unfortunately, a large number of organic and inorganic
substances exlst which contaln free radicals and which cannot be differentiated
from the free radicals generated in living systems. Since the presence of
variable quantities of free radicals of differing species may be demonstrated

in many types of materials it does not appear that this tool would be useful

for the detection of microblal contamination of solid materials.
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PHASE TI. TFreeing Microorganisms from Encasement

Certain representative solid materials were subjected to pulveri-
zation by drilling, ball mill, Waring blender, and mortar and pestle. Thsa
most useful of these methods of pulverization was found to be drilling.
The viability of the microorganisms was established by culture methods.
Attempts were likewise made to dissolve solids thereby freezing the
microorganisms from the solid material. Very little difference was noticed
whether organisms were freed from encasement by pulverization or by
dissolving ir a suitable solvent. It was established that certain of the
solvents exerted toxic effects upon the microorganisms. The use of
drilling without attempting to dissolve the solid was the pulverization
procedure used in all subsequent experiments in Phases IIT and IV. The
recoveries of B. subtilis var. niger were disappointingly low. In a

typical experiment the solid contained 109 - 1010 microorganisms per

gram. When 0.1 gram of the solid material was pulverized, only
approximately 103 viable microorganisms could be demonstrated rather

than an expected total count of 108 - 109 microorganisms.
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II. PHASE II. FREEING MICROORGANISMS FROM ENCASEMENT

A. INTRODUCTION

1. Statement of the Problem

Microorganisms may populate solids in significant numbers and yet
be undetectable because the methods used for freeing them from encasement
may cause a high percentage of them to be so damaged as to not survive the
treatment. The particle size distribution .of solids which may be optimal fdr
small spores and bacteria, may not be suitable for application to large
mycelial cells of fungi (Figure I1I-1). Some solids, because of their physical-
chemical nature my be solubilized. Microorganisms contained within such
solids may be detected by cultural methods if the solvent and/or other
environmental efforts have not caused their destruction. The major proklem
in dissolving the solid is the rather small number of solids which may be
solubilized withcut using combinations of heat, presswe and solvents which

destroy microorganisms.

Plastics represent one of the largest categories of solids that may be
contaminated with microorganisms. Information regarding the range of
possible solvents and plasticizers which may be used for particular types
‘of plastics have been discussed by Doolittle (1954).

In general, plastics which crosslink or which are thermosetting like
epoxys are insoluble. Polyethylene is an exceptiori to the class of thermo-
setting polymers. This plastic material will dissolve in xylene at temperatures
over 50°C. Polystyrene dissolves in a variety of aromatic hydrocarbons at
25°C. These solvents are, however, toxic to most microorganisms (Snell
1954).

2. Theoretical Approaches

Pulverization represents another method of freéing microorganisms
from encasement In solids. A wide variety of methods may be applied to

reduce a solid to a state of subdivision satisfactory for cultural examination
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Small Organisms
and Bacterial
Spores

Large Mycelial
Structures and
Large Bacteria

Probability of Detection of Viable Organisms

Vegetative Organisms
of Average Size
Range

Particle Size

Figure II-1. Relationship between the Probability of the Détection

of Viable Microorganisms in Solids and the Size of Particles
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for microorganisms, The mortar and pestle has been used to pulverize
various types of solids used as spacecraft components (Phillips 1960;
Hoffman 1960). The latter technique relies upon crushing and shearing
action. Morelli (1962) applied abrasion methods to pulverlize a resin
containing microorganisms added as inocula. A modification of this general
method was also used by Portner (1962, 1963). Small picces of solids may
be pulverized by the use of crushing using a ball mill type of action.
_Mickle- (1948) used this method for the disruption of materials. Ross (1963)

describes a small efficient type of ball mill.

The use of the following methods of pulverization were investigated

in Phase II for culturally recovering microorganisms added as inoculum:

(1) mortar and pestle
(2) Dball mill

(3) Dremel drill

(4) Waring blender

Attempis were also made to solubilize the pulverized materlal prior to
-culturing.

B. METHODS
. 1. Organisms

Spores cf B. subtilis were obtained as dry lyophilized spores from
Ft. Detrick, Md. These spores were stored until needed at 5°C. When
required for use as inocula, they were suspended in dilutidn bottles and
assayed in Tryticase Soy Agar plates by decimal dilution. The number of
culturally viable organism/gm was accurately established when inocula

were prepared for addition to solids.

2. Materlals

Paraplacst is a hydrophobic material which is relatively soft,
flexible and of moderate impact strength. It is easily sliced, producing
large chips.
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Parlodion is a cellulose nitrate derivative which has a hardness in
excess of that measurable on the Shore A scale. It has high flexual and
impact strengths. TIts hardness makes it a difficult material to slice, or
pulverize in a mortar and pestle; however, it may be drilled or pulverized

in a ball mill and with considerable difficulty :n a Waring blender.

Plaster of paris is a moderately hard, hydrophilic material possessing
low flexual and impact strengths. It may be easily pulverized by all
methods used in Phase II except the microtome. Attempts to slice this
material with the latter instrument consistently lead to powdering and

crumbling.

Eccocoat IC2 is a polyurethane coating material moderately hard
with high flexual and impact strengths. The manufacturer describes it to

be funginert, indicating that it is possibly toxic to some microorganisms.

3. Inoculation cof Solids

The specimens were prepared with inocula of B. subtilis at levels

indicated in Tables 1I-1 through II-4. No attenpt was made o sterilize the

materials before inoculating them. Because of the presence of B. subtilis

spores in the laboratory where the work was performed the chance of acciderntal

contamination could not be overlooked. The ‘aluminum molds (Figure II-2)

which were used in casting of the inoculated solids were autoclaved before

i

use and sterile tachnique was used in the casling of the specimens. All
materials were cared at room temperature. The inocula were added to the

materials and mixed thoroughly just before the solid showed evidence of

hardening. The inoculated solids were cured at room temperatures and

maintained at room temperature until assayed.

4., Pulverization of Solids

With all of the methods of pulverization except the Dremel drill,

the organism was cooled to liquid nitrogen temwperature just before pulveri~

zation. In the case where drilling was used, the sample was drilled while

Immersed in autcclave sterilized culture medisa fbr a period of 1/2 minute.
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The mortar and pestle were used inside a decontaminated polyethylene
bag. The solid was pulverized for two minutes and transferred to sterile

Trypticase Soy Agar plates and cultured.

The blender vessel (one quart capacity) was autoclaved. The solid
was added and pulverized for one minute at top speed. It was rinsed from

the blender bowl and transferred to the Trypticase Agar plates.

5. Cultural Assay

A 1imit exists to the size of population of any particular species of
microorganism which can be assayed on a single agar surface. As colonies
become more nuinerous, the frequency of two or more cells lyving so closely
together that their colonies overlap increases. The colonies which develop
early deplete the agar of nutrient and thereby suppress the development of

visible colonies from cells which start proliferation later.

Trypticase soy agar plates were chosen for the assay medium because
of their ability to produce a high degree of germination and colony develop-
ment in spores cf B. subtilis. They also permit easy quantitative measurement
of the proportion of the inoculum recovered. The program at Phase II was not
really addressed to precise measurement of recovery percentages in the
_easy cases but was addressed to the development of a method of promise
for measuring the internal populations of spores in materials difficult to test

for sterility.

6. Determinaticn of Particle Size

Each of the various solids was encased in the aluminum molds in the
same manner Indicated in Figure 1I-2. The samples were subjected to drilling
while immersed in culture media. The particles were removed from solution
by centrifugation at 2000 % g for 1 hour in order to sediment the finest
particle size present. The sediment was resuspended in a small volume
of distilled water and examined microscopicaiﬁy. 500 particles. were

counted and the results are shown in Figures II-3 through II-6.

The samples were also subjected to pulverization using the ball mill,
mortar and pestle, and Waring blender. With the exception of plaster of
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‘paris , none of the above methods produced satisfactory pulverization. The
plaster of paris could be fragmented to particlés less than 10 microns:
however, the range of distribution of particle sizes varied considerably.
The Waring blender pulverized the parlodion particles after preliminary
freezing with licuid nitrogen. Unfortunately, however, as the particle sizes

were reduced below 25 microns, the resultant aerosol ignilied and exploded.

For paraplast {(wax) one ml of the acetone suspension of its particleg
from Specimen No. 2 was diluted 10 to 1 in xylene and an aliquot of the

resulting solution was used to inoculate the test agar.

One ml of the water suspension of parlodion particles was dried in
an aluminum dish and the residue was dissolvad in 10 ml of acetone. An

aliguot of the resulting solution was placed on the test agar.

One ml of the acetone suspension of plaster of paris particles was
.diluted to 10 to 1 in 3% ethylene diamine tetraacetic acid (EDTA) solution.

Again an aliquot of the resulting solution was assayed for viable spores.

One ml of the water suspension of Eccocoat IC2 particles was dried
in an aluminum dish. The residue was dissolved in dimethyl formamide anc

the resulting solution was assayed for viable spores.

7. Experimental Design of Recoverv Experiments

For eacl of the four materials and each of the pulverizing processes
three Inoculated specimens were prepared. These specimens were processed
in the following way:

Cultured Cultured After
Specimen No. Pulverized Directly Dissolving Solid
Material
1 yes yes no
yes no yes
no no ves
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Specimen No. 1 indicated the overall recovery portion for the process and
material. Specimen No. 2 (compared with No. 1) showed how many spores
were freed when the particles of solid were dissolved away fromthem.
Specimen No. 3 permitted measurement of the toxic and bacteriostatic

effects of the solid material and the solvent on the Inoculum.

C. RESULTS
Recovery of viable organisms from the solids tested indicated that

the drill provided the most effective means of pulverization compatible
with culturing mg:thods. The mortar and pestle, blender, and ball mill
allowed recovery of smaller number of B. subtilis (Tables 1I~1 through II-4). g

Obviously, the solids from which microorganisms may be most,e‘asily
recovered are paraplast and plaster of paris (Tables II~1 and 1I-3).
Recovery from parlodion and Eccocoat IC2 were consisten‘tly more difficult
than the former two solids (Tables II-1 through T1-4).
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PHASE TII. Demonstration of the Applicability of Drilling Techniques
for Recovery of Microorganisms in Solids

A variely of solid materials were inoculated at three different

locations with spores of B. subtilis var. niger, Clostridium sporogenes,

and Ulocladium. The distribution of the inocula Included the following:

- uniformly distributed throughout applied to the interface between the solid
and the aluminum lid, and at the interface of an aluminum disc and the

solid material. The microorganisms were exposed from the solid materials
by the use of drilling techniques. The recovzries of microorganisms in ‘
‘all cases were exitremely low. When the inozulum ‘wés uniformly distributed
throughout the solid, the recovéries were. higher than when the inoculum

was applied at either of the two interfaces.

The solubility of the various solids in a varlety of solvents were

studied in Phasge 1II. The toxlcity of various solvents was determined,
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III. PHASE IIT . DEMONSTRATION OF THE APPLICABILITY
OF DRILLING TECHNIQUES FOR RECOVERY OF
MICROORGANISMS IN SOLIDS

A, INTRODUCTION

The objective of Phase III concerns the demonstration of the
applicability of the best method (drilling) in Phase 1I to several solid
materials of different physical properties. The solid materials investigated
in this phase includes those with a wide range of physical and chemical
characteristics. The solids are representative of those used as potting

compounds, plas:ic structural components, dielecirics, and coatings.

B. METHODS

1. Preparation of Splid Materials

The solld materials investigated are listed in Tables TII-1 through
I1I-4. All materiels were mixed with the catalyst in the recommended
ratios and the incculum of microorganisms was added to the material just
prior to its showing evidence of solidifying. The dental cups which are
composed of soft aluminum alloy were autoclaved prior to filling with the
‘solid materials. The three locations of the inocula in relation to the dental
crown contalners used as receptacles are shown in Figure T1I-1. The
procedurés for culturing drilled specimens are shown on Table T1I~5. The

isolator, specimen, and drilling assembly is shown in Figure III-1.

2. Sectioning of Propellant

The solid propellant was cast with the inoculum at Jet Propulsion
Laboratory, cured, and submitted to Dynamic Science. This material was
not treated in the same manner as the other solids, but was sliced with
a blade-type microtome and subsequently cultired. The microtome
procedure involved the use of an adjustable device which advanced the
propellant to the blade cutting surface. Slices of 400 microns were
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possible with the use of this device. Below this thickness, the slices

fragmented and were discontinuous.

The sections were approximately 3 x 10 cmz. The core from which
the propellant samples were taken was prepared by sterilizing the outer
surfaces of the propellant with ethylene oxide vapor in polyethylene gas
sterilant bags (Figure ITI-1). The ethylene oxide and water vapor concentra-
tions were established through the use of gas chromatography. Attempts
were made to pulverize propellant with the use of drilling techniques.
Unfortunately, the cut fragments and chips adhered to each other and
produced and agglomerated dense mass of material rather than dispersible

particles.

Attempts were made to drill propellant which had previously been
frozen in liguid nitrogen. TFreezing, however, did not sufficiently alter the
physical characteristics of the propellant such that pulverization in the
absence of agglomeration was possible. Earlier work with propéllant
demonstrated that it may be pulverized by abrading with emery paper.
Hov«iever, appreciable loss would take place Lecause the prepellant would
clog the abrasive on the paper and render it useless. Another method
which was tried and found to have more promise than those previously

used was abrading with a stickle back rasp.

The organisms studied in Phase TIT were B. subtilis, Clostridium

sporogenes, Ulocladium, and Staphlococcus epidermidis. The organisms
were prepared in mixed inocula, suspended in 0.01 ml of redistilled
water and- addec to the ingredients of the solid materials just prior to the
ingredients showing evidence of hardening. All materials in Phase TII
were Inoculated as described except propellant. The total weight by
Celite used for each level of mixed inoculum ranged between 2 and 3
grams. The Celite (Johns Mansville) was previously sterilized in a dry -
oven at 170°C for sixteen hours. The contents of the Celite organism
inocula were added to 1000 gm propellant formula by personnel at Jet

Propulsion Laboratory.
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3. Preparation and Assay of Tnoculum

The organisms studied in Phase TII were B. subtilis, Cloqtridlum

sporogenes , Ulocladium, and Smphlococcus epidermidis.

a. Bacillus subtilis

Spores of this crganism were obtained from Fort Detrick in the
lyophilized state. These organisms were suspended in dilution vials
and viability counts performed following decimal dilution by plate

counting techniques within one day of their use as inocula in solids.

" b. Clostridium sporogenes

Of the anacrobic spore formers, only Clostridium gsporogenes (thé

National Canners Assoc. P.A. =3679) was sufficiently nonpathogenic to
be convenient for the purpose of this program. The confined environment
of cells encased within plastic sollds suggests that spores might survive

this type of anaerobic environment. The Clostridial spores were prepared

by growing vegetative organisms in Brain Heart Infusion Broth {DIFCO).
Calcium chloride Was added as a supplement 1o the media at a final con~-
centration of 1.0% to enhance sporulation. The organisms were harvested-
by centrifugation at approximately 1000 x g and the sediment was

. examined microscopically to insure that they were In the form of spores.
The supernatant fluid was discarded and the spores were washed three
times by alternately centrifuging and resuspending in sterile distilled
water. The washed suspended cells were subjected to exposure to heat at
80°C for a pericd of 10 minutes to destroy surviving vegetative forms and
to insure that only the spores survive. Following this heat shock step,
the cells were stored at 5°C until required as an inoculum. In order to
provide the inoculum at specific levels for JPL, the cells were assayed by
decimal dilution in anaerobic deep agar tubes and by the use of Brewer
Anaerobic Agar (BBL) plates.

c. Ulocladium

Spores of the fungus Ulocladium were originally isolated from dust
obtained from the JPL assembly facilities. The fungus was.identified as
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Ulocladium by Dr. Emory G. Simmons, Head of the Mycology Laboratory
of the U. S. Army Natick Laboratories. This fungal organism is most

similar to Alternaria consortiale (Thum) Grove and Hughes., Although this

organism resembles both Alternaria and Stemphylium, Ulocladium shows

morphological differences.

The Ulocladium was grown on Sabouraud Agar medium (DIFCO).
These organisms were harvested at the end of the first week of growth in
distilled water and were subjected to sonication in an Acoustica Associates
Model DR50 AH ulirasonic bath for a period of 20 minutes at 40 to 60 mca
at a power outpu: which produced cavitation. Following sonication the
cells were centrifuged at 1000 x g for 10 minutes, the supernatant fluid
discarded and resuspended in sterile distilled water. This procedure was
repeated twice. The cells were then resuspended in sterile distilled
water In a sterile dilution bottle and maintained at 5°C until required
for use as an incculum. At the time of submission of the organism to
Jet Propulsion Leboratory, plate counts on Sabouraud Agar medium (DIFCO)
were performed.

4. Measuring Solubility and Toxicity

The solubility of the various solids 1is indicated in Tables I1I-6, 7,
and 8. The toxicity of the various solvents on the growth of B. subfilis
is shown in Tables 11-9 and 10,

C. RESULTS

Recovery of B. subtilis was obtained in certain instances whereas

Clostridium sporogenes and Ulocladium were not recovered (Tables T1I-11

through 18). When the inoculum was distributed uniformly throughout the
solid, recovery levels were superior to those obtained when the inoculum
existed either at the interface of the 1lid and the solid or at the juncture

of the aluminum disc and the solid. Rate of growth of spores of B. subtilis
was depressed when grown in the presence of the various constituents of
the solid plastics materials (Tables 111~9 and 10). It is not surprising that
organic - solvents are generally toxic to spores of B. subtilis since some of
these solvents are used to disrupt the cell membranes of microorganisms in

biochemical enzyme studies.
84
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TABLE T1I-
SOLUBILITY OF SOLIDS IN VARIOUS SOLVENTS

6

S = Soluble; T = Insoluble

Solvent

Solld Material Ethylene Nitrilo Dimethyl Carbon
Diamine Triethanol Formamide Disulfide
Eccocoat IC2 S 1 .S I
Cat-A~Lac I I I I
Stycast 1090 I 1 I 1
Epon 901 S I 1 I
Stycast 2651 I I I I
RTV-40 I 1 I I
Stycast 2850 I 1 1 I
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TABLE 1II-7
SOLUBILITY OF SOLIDS IN VARIOUS SOLVENTS

S = Soluble; T = Insoluble; C = Colloidal

Solvent
Solid Material Glacial Pyridine Tetra- Turpentine %
Acetic Hydrofuran
Eccocoat IC2 1 1 S I
Cat-A-Lac I C C I
Stycast 1090 1 1 I I
Eccogel 1265 1 S I I
Epon 901 C S I I
Stycast 2651 1 I I I é
4
RTV-40 1 I 1 I
Stycast 2850 1 I I I
1
[
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SOLUBILITY OF SOLIDS IN VARIOUS SOLVENTS

TABLE 1II-8

PS = Partial Soluble; T = Tnsoluble

' Solvent
Solid Material —t

Toluene Benzene Methanol Glycerin
Eccocoat I1C2 PS PS 1 1
Cat-A-Lac I 1 I I
Stycast 1090 1 ! I I
Epon 901 I 1 I 1
Stycast 2651 I 1 I 1
RTV-40 1 I 1 I
Stycast 2850 I I I I
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TABLE TII~9
TOXICTTY OF VARIOUS SOLVENTS TO B. SUBTILIS VAR, NIGER
IN TRYPTICASE SOY BROTH

+ = Growth; - = No Growth
Solvent Spore Time Elapsed
Conc. 1
IS5hr | 16 hr {19 hr {21 hr{ 23 hr 39 hr
Benzene 106 + XS + + + T+
Toluene 106 - - + + + +
Tetra Hydrofuran 106 -~ - + + + +.
Tetraethylene Pentamine 106 - - - - - -
Ethylene Diamine 106 - - - - - -
Dimethyl Formamaid 106 - - + + + +
Pyridine 108 + + + + + i+
88
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TOXICITY OF MATERIALS TO B. SUBTILIS VAR, NIGER

TABLE I1I-10

IN TRYPTICASE SOY BROTH

+ = Amount of Growth; ~ = No Growth
Maferial Analyzed S(pore Time Ela'oéed Before Detachable Growtn
N Conc. Shr | 16 hr] 19 hr{ 21 hr | 23 hr | 39 hr
LIQUIDS:
Control Culture 106 + ++ + b WA
Ca’c—-A—Lac 1 06 - - - - - +
Catalyst 443-1-300 10° 0 + + |+ + .
Eccogel 12654 10° - - - - + N
Eccogel 12658 106 - - - - - -
Epon B-1 108 - - - - - -
Epon B-3 106 - - - - - -
Eccocoat TC2-A 108 - - - - - .
Eccocoat 1C2-B 10° - - - - i, -
_Diluent IC2 108 - - - - N N
Catalyst 9 10° - - - - _ _
Catalyst 11 10° - - - - - .
Acetone 1 06 - - + + + +
SOLIDS:
Epon 901 10% - - - _ - +
Stycast 2850 10° - - - - - +
Stycast 1090 10° - - - - - +
Stycast 2651 10° - - - - - ;
RTV-40 108 - - - i, i, +
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D. DISCUSSION

The recoveries of microorganisms from solids studied were all quite
low. In part these results were due to the growth inhibitory effects of the
solvents used in the solubilization of the solids. Freezing and thawing
microorganisms cause damage to cell walls. The extent of this effect was

not independently determined. The pulverization methods also had an

effect upon the recovery of microorganisms. The Dremel drill appears to be
the most useful of the methods studied. The shearing and cutting forces

of this method of pulverization seem to be less injurious than the crushing g
effects of the ball mill or the crushing, shearing efiects of the mortar and
pestle. Unforturately, there is no indication as to Whgather the relatively
low recoveries were also due in part to the production of local heat. It
would appear that heat, pressure and cutting forces of the Dremel drill may

cause this methed to be far from optimal as a method of pulverization even

though it provided the best recoveries of the various methods tested.
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PHASE TV, DETERMINATION OF THE RELIABILITY OF
RECOVERY OF MICROORGANISMS FROM SOLID MATERIALS
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PHASE IV. Determination of the Rellability of Recovery of
Microorganisms from Solid Materials by Means
of Drilling Technique

The drilling and culturing techniques found most sultable in Task 111
were tested for reliability In Task IV, The reliability of recovery of
inoculated spores of B. subtilis var. niger was studied utilizing seventy~
five cultural determinations at 37°C and an egual number at 25°C. The
recoveries were highest when the inoculum was distributed uniformly
throughout the solid and lowest when the inoculum was distributed at the
interface of either the aluminum disc or lid. The recoverieg utilizing
drilling and cultural techniques have been disappointingly low and are
likely due to a number of factors Which are discussed in the body of this
report and in the Addendum.
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IV. PHASE 1V. DETERMINATION OF THE RELIABILITY
OF RECOVERY OF MICROORGANISMS FROM SOLID
MATERIALS BY MEANS OF DRILLING TECHNIQUE

A, INTRODUCTION

The objective of Phase IV is to establish the reliability of recovery
of microorganisms inoculated into selected solid materials. Seventy-five
determinations were attempted with each material in order to provide a

statistically reliable number of trials.

The rellability of the recbvery methods established in Phase III using
the drilling technique and the Inoculum siltes are previously discussed in
Phase TII and illustrated in Figure 1I-1 was established. Tn place of using a
mixed Inoculum in this experiment, spores of B. subtilis were the only

microorganisms studied.

B. METHODS

The organisms were grown and assaved as described in Phase III.
All assays were performed within one day of eniploying the organisms as
inocula. The inccula were incorporated with the materials tested in the

same location and manner as previously discussed in Phase III.

In order to avold systematic errors relating to the sequence in which
analyses were performed, all three forms of inoculum distribution were used
in dally analyses. Every attempt was made to maintain the same technique
and in particular to control the rate and extent of pulverization of the
samples. Tt was noted, however, that local heating took place during the
course of drilling. Although the exact amount of heating that took place

was not determined, its presence was nevertheless detected.

C. RESULTS

The recovery of organisms introduced as inocula into the various
samples are reported in Tables IV-1, IV-2, IV-3. The largest number of
microorganisms were recovered from solids in which B. subtilis spores
were uniformly distributed throughout the solid. The smallest number of
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TABLE TV-1

DETERMINATION OF RELIABILITY OF ASSAY SENSITIVITY

SAMPLES OF EACH SOLID TESTED TO DETERMINE REPRODUCIBILITY OF
RECOVERY OF 6 x 108 SPORES B, subtilis/Gm
UNIFORMLY DISTRIBUTED THROUGHOUT SOLID

Tube Assay Plate Assay

Material 37°%  25°%C 37°¢  25°C
Stycast 2850 GT 0/75 0/75 0/75 0/75
RTV-40 1/75 0/75 3/75 0/75 g
Epon 901/B3 4/75 5/75 2/75 4/75 %
Stycast 1090 0/75 0/75 0/75 0/75
Eccocoal IC2 30/75 9/75 12/75 9/75
101

-

~— .
6 .
)



TABLE 1V-2

DETERMINATION OF RELIABILITY OF ASSAY SENSITIVITY

SAMPLES OF EACH SOLID TESTED TO DETERVINE REPRODUCIBILITY OF
RECOVERY OF 6 x 108 SPORES B. subtilis/Gm
INOCULUM AT INTERFACE OF LiD AND SOLID

Tibe Assay Plate Assay
Material 37°%¢ 25°C 37°C 25°C
Stycast 2850 GT 0/75 0/75 0/75 0/75
RTV-40 2/75 0/75 1/75 0/75
Epon 901/B3 5/75  0/75 0/75 1/75
Stycast 1090 0/75 0/75 0/75 3/75
Eccocoat IC2 6/75 3/75 5/75 0/75
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TABLE IV-3

DETERMINATION OF RELIABILITY OF ASSAY SENSITIVITY

SAMPLES OF EACH SOLID TESTED TO DETERMINE REPRODUCIBILITY OF

RECOVERY OF 6 x 10% SPORES B, subtilis /Gm

Material

Stycast 2850 GT
RTV-40

Epon 901,/B3
Stycast 1090

Eccocoat IC2

INOCULUM LOCATED AT INTERFACE OF ALUMINUM DISC AND SOLID

Tube Assay
37°%¢

2/75
0/75
0/75
0/75
3/75
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1/75
0/75
1/75
1/75
0/75

Plate Aésay

37°c  25°C
0/75 0/75
1/75  0/75
2/75 1/75
0/75 0/75
2/75 1/75




microorganisms recovered was when the inoculum was located at the
interface of the aluminum disc and the solid (Table IV-3). The growth of
microorganisms was more rapid at 37°C than at 25°C. In most instances

the tube assay eppeared to be superior in recovery to the plate assay.

D. DISCUSSIONM

It is apparent that the recoveries of sizable inocula by the use of
drilling techniques were disappolntingly low. The possible reasons for
such low recoveries may be manifold. In the course of pulverizing the
samples the organisms residing at the various locations in the solids may
have been ineffe ctivély exposed. This appears to be likely in view of .
the fact that the particle distribution of plastiz materials similar in nature
to those studied indicated that the ideal particle size was neither uniform
nor sufficiently small to free the encased organisms. Furthermore, in
attempting to reconcile these results with those found later in our laboratory,
it was discovered that the particle size distribution obtained during
pulverization of plastic matierials varied as a function of the pressure

applied while drilling, the sharpness of the drill, and the operator.

The temperature rise during the course of drilling varied according
to the area being drilled. The distribution of the inocula included the
following: uﬁiformly distributed throughout, applied to the interface
between the solid and the aluminum lid, and at the interface of an aluminum

disc and the solid material.

Recent experiments conducted by the authors to establish why
recoveries of large populations of microorganisms were so disappointingly
low, indicate that in addition to pulverization parameters, the presence of
toxic materials within the plastic and in some instances the toxicity of
the solvents play extremely significant roles. Some of our more recent
work on solids ia which attempts have been made to minimize these effects

are discussed in the Addendum which follows.
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E, CONCLUSIONS

Regardless of the site of inoculum, whether uniformly mixed through-
put the solid, applied at an interface between the solid and the oid, or
applied at the interface of an aluminum disc and the solid, the recovery of
microorganisms used as Inocula was uniformly unsatisfactory. There
appeared to be differences in the recoveries of microorganisms from the
various solids. In addition, it appeared that best recoveries were obtained
when the microorganisms were distributed uniformly throughout the solid.

In the instances in which the microorganisms were deposited at the inter-
face between the lid and the solid, and between the face of the aluminum

disc and the sol.d, the recoveries were consicerably lower.
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ADDENDUM

The interim between the completion of the work reported in Phases I
through TV of this program and the writing of this addendurﬁ . Improvements
on the dilution methods for'microorganisms in solid materials have been
made. These have involved extension in the range of sensitivity of
detecting viable microorcanisms to 102 microorganisms per cm3 of

. : . . 3
solid material and in some instances to as low as 10 microorganism/cm”.

The improvements in detection first tock place in the study of
microorganisms In solid propellants. While conducting these investiga-
tions it became apparent that certain modifications must be made in the
recovery technigues in order to increase the sensitivity of detection of
microorganisms. We found certain inhibitory substances in the propellant
that prevented the maximum growth of our inoculum. These inhibitors
had fo be leached out to increase recovery efficiency. It was possible,
for example, to not detect as many as 104 microorganisms per cm3 in
solid propellant if the leaching step was omitted. When the leaching step
and certain additional steps were included, it was possible to dé’cect as

. . 3
few as 10 microorganisms per cm”,

Improvements were also made in the pulverization of the solid.
Through the use of saws possessing certain specific characteristics, it
was possible to pulverlize solid propellant more effectively than any other
previously used method. A thermistor was attached to the back one inch
of blade and a s!ow rate of sawing was used. The rate of sawing was so
regulated that an increase in temperature of not more than IOC resulted.
Becaus e the temperature at the saw tooth~propellant interface may be
several degrees higher than that indicated by the thermistor, the rate of
sawing was adjusted to minimize possible thermal inactivation of micro~-

organisms. The procedures are summarized in Figure A-1.

Microscopically innumerable fine cracks and checks were noted on
the sawed particles which were noted to have continuity with the interstices

b_f even the largest particles. The _1.arger particles appeared to.result__frbm )
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Propellant

Sawing

Propellant Particles
(usually 6.4 + .2 Gm)

Sterile Water (120 ml)

1. Adjust pH
2. Adjust Redox (cysteine)

3. Stir 15 min. with magnetic stirrer

_&

L Supernatant Fluid

Trypticase
Soy Broth

V

Thioglycollate Broth

Centrifuge

<= Supernatant {discard)

e

Pellet
Microscopic Examination
After Staining With

Fluorescent Dye

Leached Puarticles

Culture

1. Thioglycollate
2. Trypticase Soy Broth

Figure A-1. Propellant Culturing Procedure
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the fusion of smaller particles. This fusion effect was likely due to the
sticky adherent surfaces of the solid p:ope].lant material. This fusion
effect could not be reversed by treatment with the Waring blender,
sonication, or by the treatment with wetting agents. Although Tween-80%
wasg included in the culture medla and did provide superior recoveries, it
does not appear that such improved recoveriecs were the result of inhibition

of particle agglomeration.

Leaching of Propellant

The propszllant particles were extracted with sterile distilled water
and stirred with a teflon coated magnetic stirr:ng bar under sterile conditions.
The optimum ratio of leaching fluid to solid propellant -was established.

The redox potential of the leached propellant and the supernatant fluid was
measured and this potential was adjusted to that considered optimum for
each microorganism tested. The supernatant fluid at the end of the leaching
period was removed,‘ the pH adjusted to 7.2 - 7.4 using sterile 0.1 N

acid or base (exzept in the case of Ulocladium or other fungil the pH was
adjusted to 4.0 - 4.5). Tween-80 Was‘ Incorporated in the growth medium
(Figure A-2).

T

A Reappraisal of Assay Technigues in Solid Materials

The application of steps previously noted in thils addendum have
increaséd the sensitivity of the detection of inoculated organisms from a
level of 105 to 101 per cm3. Recovery of microorganisms from inoculated
solid propellant utilizing microtome sectioning technique was uniformly

poor as noted previously in Phase TII discussion.

Because of the large order magnitude of improvement in the recovery
of small members of microorganisms from propellant, our studies were

extended to solids. from which previdusly large inocula of organisms (1 08/g::am)

*polyoxyethylene-sorbitan-monoaleate (Atlas Powder Co.)
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gave in many instances negative recoveries of microorganisms. By applying
these improved methods, it was possible to detect as few as 100 micro-
organisms per cm3 from two types of epoxy resins. It therefore is apparent
that the culture techniques originally developed for solid propellants are
applicable In the detection of microorganisms in solid plastic materials
(Stycast 2850 GT, Fccocoat IC2) from which recoveries were previcusly
unsatisfactory.

Recommendations

In extending the assay procedures which were devised and optimized
for propellant recovery studies, it would be desirable to study in greater
detail the pulverization of the various classes of solid materials. If the
pulverization was so drastic as to cause the rupturing of the cell wall
in the microorganism, it would be likely that the organism could be detected
by cultural techniques. The process of freeing the microorganisms from
encasement in rigid solids may tend to cause irreversible cellular damage.
Although the particle size achieved by the pulverization may approach that
of the microorganism, this process may be less desirable than one which

produces larger particles.

In the latter case, communicating microcracks may exist which would
- provide both for diffusion of nutrients to and growth of the encased micro-

organisms from Internal sites.

'\Because of the occurrence of toxic compounds in certdin types of
solid materials, it will be important to establish optimal methods for the
leaching of these substances free from the pulverized solid. A large
variety of plastic polymers are polymerized by catalysts which may inhibit
the growth of microorganisms. These catalysts vary according'to the type
of plastic and each represents a separate problem. Unreacted monomers
when present may also inhibit the growth of microorganisms. It is obvious
that in addition to optimizing the pulverization and leaching procedures thai
it will be necessary to devise methods for neutralizing or inactivating both
the soluble leachable inhibitors and the inhibitors present within the solids
themselves.
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Further investigation of culture media development will be required
to optimize the isolation of microorganisms from solids. Since the type of
biochemical injury or event which results in the devitalization of the
microorganism may not be definable, it may be necessary to add a varlety
of substances which tend to counteract these events. In order to reactivate
such inhibited organisms it may be necessary to add growth factors and
metabolic constituents to the medium which may not normally be required
by the organism under other conditions. The addition of an excess of

the known requlred vitamins, amino acids, sugars and growth factors at

levels which do not interfere with growth or metabolism of the organism

is highly desirable. Adjusiment of frace metal content, ionic strength,

pH and redox potential may also be desirable,
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SUMMARY

Alpha has been identified as a variant 6f species Staphylococcus

épﬂi‘dermidi_. Organisms of this species are the most prevalent 6f micro~
érganisms on all surfaces of human skin. They are also prevalent in the
human mouth, nose, and respiratory tract: They are of low pathogenicity.

The human being is not; however; the only source of Staphylococcus

&contamination.

Charactéristically; érgéﬁiémé 6f the _S;g‘.ghyiQ’COCétlé §pecies swvive
Exposure to a wide variety 6f chémical agénts end tolerate high concéntratior $
6f §alts in liquid media: They aré not resistant te heat as are bacterial spores.
They appear to be sénsitive to changes in their water eéntént and the environ=
hent in which these changeés are brought about: From some hatiral sources .

Bopulationis of Staphylococcus organisims éan be dried with preservation of

o5t of the ceélls in a visble state: Drying fiom Suspension in pure solvents
H&stroys detectatle viability in even large popiiations. Onée the éslls have
Besh properly dried, however, they appear to rémain viable for relatively long
bericds of time and to be resistant to the action of a varlety of chemical agents.
Bacause of thelr agglomerating natire; quantitative assay of the

humber of viable ~ells in a population of Staphyloccus erganisms is aifficult,
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1. INTRODUCTION

In assaying the intemal microbial population of a specimen of
solid propellant (Opfell, 1962 a and b) which had been prepared contalning
aluminum particles, liquid ethylene oxide, and an inoculum of spores of
B. subtilis var. niger, the microorganism alpha was isolated. Because it
survived in an environment which destroyed the detectable viability of the
B. subtilis var. 3_1;@_1‘ spores, alpha ls of Interest In demonstrating the
effectiveness of processes for the preparation of sterile solid propellant.

Alpha and alpha-like species have been isolated subsequently

from specimens of dust (Opfell, 1963a) from the JPL spacecraft assembly
facility and from subsegquent specimens of solid propellant {Opfell, 1964b).

The following paragraphs will describe and interpret the results
of experiments to determine the ethylene-oxide resistance of populations
of alpha in a variety of environments and after several types of pre~

treatment. The evidence on which the classification Staphvlococcus

epidermidis has been assigned to this species will be presented and its
slgnificance in the engincering design of sterilization steps will be

discussed.

The study described here represents a continuation of a recent
study (Opfell, 1¢64a) to evaluate and to establish methods for assaying
the viability of wicrobial populations dispersed in the interior of solid
materials. A parallel study (Opfell, 1964b) and a previous study (Opfell,
1962a and b) applied these techniques to solid propellants. In both these
studies populations of the species alpha or of species similar to it were
found in the propellant specimens.
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II. THE IDENTITY OF SPECIES ALPHA

On the basis of tests reported in Table I and COmpérison with
the properties of ATCC strain 155 of Staphylococcus epidermidis,

alpha has been identified to be a strain of Staphylococcus epidermidis.

Though the distinction from species of Gaffkva is not as clear as one
rﬁight like, the reasons vfor not calling alpha a species of Gaffkya are
presented in Table II. As the discussion which follows will show, this
distinction may not be really possib1e¢ Some bacteriologists (Stanier,
1963) ‘call the staphylococel the pathogenic~members of the genus

Micrococel and in particular use the term Micrococcus pyogenes, var.

aureus for Staphvlococcus aureus and Micrococcus pyogenes, var. albus

for Staphylococcus albus.

Tones (1963) has studied fifteen strains of Staphvlococcus epidermidis

and found that some, like members of the genus Gaffkya, failed to reduce
nitrates. One of the strains had a colored pigiaent. Jones listes the

important characteristics of Staphvlococcus epidermidis to be:

1) ability to grow anaerobically in a defined medium with

glucose or pyruvate as energy source

2) inability to produce coagulase
3) ability to ferment serine
4) - requirement for biotin and uracil under anaerobic

conditions in a semisynthetic medium
5) inability to reduce nitrate beyond nitrite

Deibel (1960) proposed a set of characteristic properties for the
genus Pedlococcus. Adoption of this recommendation would eliminate the
genus Gaffkva (U. S. Naval Medical School). The U. S. Naval Medical
School (1963) po.nts out the difficulty in distinguishing Gaffkya isolates

from Staphylococcus epidermidis (coagulase negative). Gaffkya is

distinguished by a high frequency of tetrads among cells isolated from
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body flulds and by failure to reduce nitrate to nitrite. Many species of
Micrococcus fall to reduce nitrate to nitrite (Skerman, 1959) and many

including Staphvlococcus epidermidis (also alpha) forms tetrads under

several conditions of culture. Gaffkya can be easily distinguished from

Staphylococcus aureus, however, by the nitratz and coagulase tests.

Burrows (1954) assigns the name Micrococcus tetragena to Gaffkya

tetragena, and shows a picture of a smear from pure culture. The picture

would serve equally well as a description of alpha.

Skerman (1959) points out that considerable difficulty may be

encountered in differentiating between the genus Micrococcus and the

genera Staphvliococcus and Pediococcus. FHe states that the genus

Staphylococcus tas been allocated only two sypecies, Staphvlococcus

aureus and Staphvlococcus epidermidis, omitting any mention of

Staphvlococcus albus. He suggests that the characteristics which

differentiate the genus Pediococcus are based on byproducts produced in

certain media and that comparable studies of the byproducts produced by

the genus Staphyvlococcus and the genus Micrccoccus have not been made.

Cowan (1964) suggests that catalase—positive Gram~positive coccl

that ferment glucose under anaerobic conditions can be regarded as

Staphvlococel and that those which fail to do so are not Staphyvlococei ~~

they may be other species of Micrococci. He suggests also that

Staphvlococci be divided into two species: Staphvlococcus aureus

(coagulase-positive) and Staphylococcus epidermidis (coagulase-negative).

Bryan (1953) describes another species, Staphylococcus aerogenes,

which is a strict anaerobe and might not apparently be a member of the
genus in the terms defined by Cowan. Bryan says of Staphvlococcus

epidermidis that it is but Micrococcus epidermidis by another name and

that it may be a less virulent variety of Staphvlococcus albug. Frobisher

(1962), on the cther hand, equates the names Staphyvlococcus albus and

Staphvlococcus epidermidis.




ITT. THE HABITAT OF SPECIES ALPHA

The foregoing discussion shows the futility of inferring the range
of habitat of alpha from the published literature on Staphylococcus

epidermidis alone. Also, the confusion in the taxonomy of Staphylococcus

epidermidis with that of similar species suggests that information on the

habitats of other genera in the family Micrococcaceae or the tribe

Streptococceae would be useful in estimating the significance of alpha

in the environment surrounding the manufacture of sterile solid propellant.

Among these gen3zra are Micrococcus, Staphylococcus, Gaffkya, Sarcina,

and perhaps even Pediococcus. Sireptococceae organisms are found

regularly in the mouth and Intestinal tract of humans. In the mouth and

respiratory tract Streptococceae cells are more prevalent (U. S. Naval

Medical School, 1963) than are cells of the Micrococcaceae genera.

On the exterior body surfaces, however, the Staphvlococci are by far the
most prevalent cz2lls. Roseberg (1963) and Wilson (1955) point out that

coagulase~negative staphylococci (Staphvlococcus epidermidis) are prevalent

on all areas of human skin. Roseberg also states that human skin normally
carries a population of Clostridia and anaerobic coccl. Because growth of koth

Streptococceae populations and Clostiridia populations is poor or absent on

many of the media emploved in the present tests, they might have been
undetected in th: propellant ingredients which were analyzed.

Gregory (1961) discusses reports of finding viable cells of

Staphvlococcus aureus and of Staphvlococcus albus in the alr over the

open ocean. He suggests, however, that these populations came from land

sources. The ability of cells of Staphvlococcus species to survive in

environments outside of living animals depends upon a variety of factors,,

many of which have not yet been explored.

An alpha population stored in purified water decays In a manner of
multicellular organisms (Umbreit, 1962) which in a sense they are. A

relatively small portion of the cells in a population of Staphvlococcus cells

occur singly. Most are in pairs, tetrads, or small clusters which do not break
up easlly.
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IV. CLONAL VARIATION

Burrows (1954) points out that there is good reason to believe that
bacterial populations are heterogenous with respect to the ability of the
individual cells to withstand the effects of lethal environments. The
implications of this hypothesis has been developed as a theory of clonal
variation and selection. Heterogeniety is accounted for by the assumption
that binary fission of a bacterial cell does not always produce daughter
cells of precisély equal resistance to each of the lethal factors in the
environment. The occurrence of two daughter rells of equal resistance is
the most probable result of fission, of two daughter cells of slightly
different resistance, slightly less probable, and of two daughter cells
with much greater resistance, much less probable. Experience with the

development of antibiotic resistance in strains of Staphvylococcus aureus

constitutes a large portion of the evidence in support of the theory of

clonal variation.

When cultural conditions are changed, increasing numbers of the
less resistant daughter cells may fail to reproduce with the result that
over several generations, the average resistance of the cells in the culture
has increased. With a return to the original culturral conditions, the
resistance of the cells in the population will return to the original distribution
of resistances after the passage of several gererations. The populations of

Staphylococcus epidermidis strains appear to ke susceptible to this type of

clonal variation. Staphylococcus epidermidis sp. x arose from the storage

of a water suspension of alpha in the refrigerator for a year and a half.
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V. ASSAY OF STAPHYLOCOCCUS EPIDERMIDIS

The variations in population growth rate among strains and even

replicates of the same culture of a strain of Staphylococcus epidermidis

is illustrated in Table III. The reason for the variations lies partially
in the multicellular (Umbreit, 1962), form in which the viable particles of

Staphvlococcus epidermidis occur. Serial diluiion breaks these particles

apart and thereby extends the infectivity to greater dilutions through
increasing number of independent viable particles. The greater the dilution,
the greater the possibility for error in estimating the number of viable

particles.

The grouping of the cells of Staphvylococcus epidermldis has an

effect on the ability of populations of them to withstand drying. The
viable cells find themselves attached to colloidal particles (other cells,
both living and dzad for example). Umbreit (1962) points out that when
bacteria are abscrbed onto the surface of finely divided particles (colloid),
thelr metabolic activity often slows down and they seem to survive much
longer. After being so absorbed they are often resistant to drying. Protein
materials also have a strong preservative efféct during drying of many
bacteria and viruses. No attempt was made to measure the effect of drying
inoculums on the colloidal size particles of ammonium perchlorate (the
principal ingredient in solid propellant) on the survival of cells in these
inoculums. The water in the inoculum would dissolve ammonium perchlorate
and on further drying the cells would be occluded in the ammonium
perchlorate. The obvious test would not necessarily separate the colloidal

effects from other effects of the ammonium perchlorate particles.
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VI. RESISTANCE OF ALPHA POPULATIONS TO THE EFFECTS
OF SEVERAL ENVIRONMENTAL FACTORS

On the surface of Trypticase soy agar at 37°C , alpha populations
were found to remain viable for periods in excess of nine days. During |
this time the agar dried enough to become crisp.' ‘When alpha cells were
collected, washed, and suspended in previously sterile purified water,
the assay of viatle cells did not change on storage of tne suspension for
periods up to a week. On eight-days' storage, however, the numbers of
particles in the viable population appeared to crop by four to five orders of
magnitude., After this drop in viability, the number of viable cells continued
to fall but more slowly with some cells in the suspension remaining viable

for very long periods of time. The viable population of Staphvlococcus

epidermidis ATCC 155 in water behaved similarly. No attempt was made to

measure the ethylene~oxide or drying resistance of the survivors.

‘Table IV shows the comparative effects of suspension of viable cells
of a species of Staphvylococcus epidermidis and of spores of B. subtilis var.

niger in several pure solvents. The toxicity of acetone for alpha populations

was confirmed by the experiments reporte'd in Tables VI, X, XI, and XII. Each
of these three solvents are strong desiccants and likely withdraw water from

the Staphvlococcus cells in a manner other than optimum for preserving

viability. That cells of Staphvlococcus species are sensitive to their

environment during desiccation is shown also by the experiment reported in
Table IX and the studies reported by McDade (1963) and by Skaliy (1954).

The presence of substances from agar or broth helped preserve viability in
populations discussed in Table IX. McDade found that Staphylococcus aureus

populations had varlable resistance to drying under the synthetic conditions

he used. His populations of about 1000 cells in broth were dried on sutures

in an environment of air at several levels of rélative humidity. Even at 50%
RH, the condition most destructive of viability, his populations remained viable
up to four days. Skaliy, on the other hand, found that one day was sufficient
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for a Staphvlococcus aureus population In a hospital room to be undetectable
after the departure of a patient who had been confined there with a Staphy-
lococcus aursus infection. Sykes (1958) reports that Staphylococcus aureus

is the most resistant to drying of members of the Staphvlococcus genus.

Using a cylinder-plate assay technique Snell (1954) measured the
degree to which several organic solvents inhibit the growth of populations
of several species of bacteria on an agar surface. Among the organic
solvents tested were the three listed in Table III. Snell found one of the
three to inhibit MMicrococcus pyogenes, var albus (possibly, though not
likely, the same sirain as alpha) though both absolute ethanol and acetone
inhibited Sarcina lutea, another species of the family Micrococcaceae.
The conditions of exposure in Snell's study were substantially different |
{from those used in the experiments corresponding to Table 1TI. The
desiccating effect of the solvent in Snell's cylinder—plate éssay should have

playved a negligible role whereas it was possibly the dominant effect in the

Table 111 experiment.
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ViI., TOXICITY OF PROPELLANT INGREDIENTS

The ability of a broth to support growth of a population of micro-
organisms In the presence of a toxic Ingredient varies from batch to batch.
In the tests reporied in Table V, for example, an inoculum of 104 spores of
_B. subtilis var niger was able to grow in the presence of 0.5% v/v ethylene
oxide. The three propellant ingredients, TDI, PPG, and AMP failed to suppress
growth of any of the species tested even when the broth was saturated with
them.

The toxicity of the propellant ingredienis for '_&3_1_31_1_@ depends on the
state of the alpha organisms at the time they are introduced into contact
with the ingredient, In the tests reported in Teble VI, the alpha organisms
in 0.01 ml of purified water were placed in the bottom of previously sterile
test tubes. The inoculum was permitted to dry, though not completely.
(Some inoculums may have dried completely while others were seen to contaln
water at the time the propellant ingredients were placed on top of them). The
exposure to ethylene oxide was made by placing the open tubes containing the
inoculum and the propellant ingredient in a 4-mil polyethylene bag containing
an atmoéphere of air saturated with ethylene oxide vapor and water in excess
of that equivalent to 50% RH. The tubes were exposed to this environment
for 2 hours. The gas was flushed around the inside of the bag and over the

tops of the tubes several times during the expcsure period,

After removal from the bag the contents of each tube, Including
those not exposed to ethylene oxide, were stirred with a separate, sterile,
glass stirring rod. The tubes were then stored at room temperature for
the remainder of a 24-hour exposure period. After the end of this period,
5 ml of sterile fluid thioglycollate medium was put into each tube. Into each
of the bacteriostasis control tubes were put 0.1 ml of purified water suspension

of either alpha cells or spores of B, subtillis var niger containing approximately

100 viable particles each.

10



The tubes of broth were then incubated at 37°C for 7 days. A loopful
of the broth was then streaked on the surface of Trypticase soy agar in a
Petr! dish. These streak plates were then Incubated under the same conditions
that the broths had been. '

Generally, the propellant ingredients made the broths appear turbid
so that microbial populations in the broth coulc not be detected on the basis
of the appearance of the broth alone. The bacteriostasis tubes containing
B. subtilis var. niger, however, contained an orange pellicle when the broth

was not bacteriostatic.

~In only one case, did the alpha population survive the sequence of
conditions met in the test. This result is in ccntrast with the results shown in
Table V for three of the ingredients. Moreover, the propellant ingredients
appear to have made the broths bacteriostatic for inoculums of alpha containing
but 100 viable particles In purified water. The inoculums used in the experiments
corresponding to Table V included 1 04 viable particles.

The failure of the B. subtilis var. niger inoculums to grow in the
broths containing Alrosperse (a reaction produc: of an equal mixture of
stearic acid and diethynolamine) or to grow vigorously in those contalning -
FeAA, unless these materials had been exposed to ethylene oxide is surprising
and should be Confirmed by further tests.

In view of the sensitivity of alpha to th2 conditions under which it is
dried, the results shown in Table VI may not be surprising. Moreover, popu-

lations of 100 viable particles of Staphvlococcis organisms seem to be more

sensitive to toxic effects in broth than are populations greater than 104.

This possibly is indicated in Table VIII.

11
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VIII. NATIVE CONTAMINATION IN THE PROPELLANT INGREDIENTS

The broths at the "O" inoculum level would have disclosed native
contamination in the propellant ingredients had there been a significant
amount. The bacteriostasis controls show that these broths could have

detected populations of 100 spores of organisms like B, subtilis var. niger

but would fail to detect similar numbers of viable particles of alpha, This
result does not mean that spores are necessarlly more easily detected in the
smaller numbers. Tables VII and VIII show that in broths contalining ethylene
oxide, larger populations of B, subtilis var. n:.ger épores than of viable

particles of Staphylococci were required to prcduce observable changes in

the detection medium.,

The low orde; of the contamination In several of the propellant
ingredients was confirmed in the test made on duplicate samples of a
Pfaudler~pot fuel mix (the results and the descriptions of the tests were
reported by Opfell, 1964 b)., This fuel mix contained Alrosperse, PPG and
TMP.

The tests used were not sufficiently sensitive to support a conclusicn
that the propellant ingredients were sterile. The technique used to test them

was not sterile, though care was taken to avoid accidental contamination.

12



IX. RESISTANCE OF SEVERAL SPECIES OF BACTERIA TO ETHYLENE OXIDE

The inocalum required to produce population growth in broth
contalning ethylzne oxide depends upon the type of broth, the concentration
of ethylene oxide and the species and strain of the microorgainsms. Tables
VII and VIII compare the relative resistances of several species of micro—
organisms in both Trypticase soy broth and fluid thioglycollate medium and
in the presence of a range of concentrations of ethylene oxide. In the 40 ml
tubes closed with Morton closures, in which the broths were incubated, the
concentration of ethylene oxlide in the broth was confined to drop by no more

than 50 percent on incubation at 37°C for 24 hours.

Ethylene oxide in the amount of 0.3% has been reported (Toplin, 1961)
to sterilize fermentation broths. Tables VII and VIII show the levels of
contamination by each of several species which might cause sterilization

fallure. Interestingly, the Staphvlococcus strains are the most difﬁcuit

(Sykes, 1958) to destroy under the conditions tested.

13



X. EFFECTS OF DRYING AND EXPOSURE TO ETHYLENE OXIDE ON THE
VIABILITY OF STAPHYLOCOCCUS EPIDERMIDIS POPULATIONS

Populations of alpha cells and of the ATCC 155 strain of

Staphylococcus epidermidis cells were compared with respect to their

ability to withstand the effects of drying. The previously observed
sensitivity of alpha populations to drying (Opfell, 1963 b) from suspension
in purified water was used as a confirming test for alpha. The results
reportéd in Table IX appear to support the conclusion that alpha is less
resistant (Sykes, 1958) to drying than is the ACC strain under identical‘
conditions. Unfortunately, identical conditiors are difficult to provide.
The Tests 1 and 2 were performed on different days. The ATCC 155 strain
cells used had been stored in purified water for a longer period of time than
they had been for Test 1. The tests on the two strains were performed

simultaneously, however,

The results of Tests 3 and 4 show the protective effects of nutrient
substances during drying (Svkes, 1958). McDade {1963) found that popu—

lations of 1000 cells of Stavhvlococcus aureus dried on sutures from

suspension in broth remained viable for four days and longer. Skaliy found

that populations of Staphvlococcus aureus from an infected patient died
away in one day. Both these resulis appear to be consistent with the results
presented in Table IX.

_A_lﬁl_q was Isolated originally from the interior of a specimen of solid
propellant. Presumably the cells got into the propellant originally
accompanied by some type of protective substances. The environment inside
the propellant was sufficiently protective to preserve viability for a long

period of time.

Using d fractional factorial design, the relative effects of the
several factors, surface supporting the inoculum during drying, the relative
~humidity and the oxygen content of the ambient gas during drying, the

suspension vehicle, and exposure to ethylene oxide on the viability of

14
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population of alpha were determined. Corresponding tests were performed on
populations of spores of B. subtilis var. niger, which are known to survive
the ethylene oxide exposure conditions used, to be unaffected by suspension
in acetone, and to be insensitive to the methods of drying. The efficlency
with which spores of B. subtilis var. niger can be removed from different
types of surfaces Is variable. Table XI presents the results of a control test

on efficiency of recovery of the viable inoculum.

The detailis of the tests have been described in the footnotes to
Table X. The concentrations of ethylene oxide and water vapor in the ambient
gas during the exposure to ethylene oxide were confirmed by gas-chromato-

graphic analysis.

The domir.ant factor in destroying viabi:ity of alpha populations was
the drying process in the absence of protective agents, Table X shows
quantitatively the frequency with which wviable particles can be recovered
from coupons on which viable cells had been dried. Though an attempt was
made to remove the alpha inocuium from the swface of the coupon and suspend
it in the broth, comparison of Table X with Tabes XI and XII shows that the

treatment used was not entirely effective. Because of the possibility of

accidental contamination of the coupons or of the broths in which'they were
incubated during the withdrawal of 0.5-ml aligquots from the jar, the recoverv
of viable alpha organisms from the coupons which had been inoculated with
distilled water suspensions and had not been exposed to ethylene oxide

was more than can be explained by contamination. After the effects of

drying, the type of suspension vehicle is shown to be important but the type
of solid material and the nature of the ambient gas did not produce discernable
effects. The inoculum dried substantially more slowly on teflon than it did

on the other materials . but this effect did affect the results. '
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TABLE 1

CHARACTERISTICS OF STAPHYLOCOCCUS EPIDERMIDIS

Nutritional factors
required

Salt tolerance

Appearance of broth
containing ferment-
able carbohydrate

Actlon on special
media
Litmus milk
Nitrate broth

Glucose in broth
Fructose in broth
Maltose in broth
Trehalose in broth
Sucrose In broth
Glycerol in broth
Mannose in broth

amino acids for nitrogen,
biotin, some B vitamins

grows vigorously in
media containing 10%
sodium chloride

heavy uniform turbidity

acid
nitrate reduced to nitrite

acid produced

acld produced -

acid produced

acid produced

acid produced

acld produced

acid may be produced

Characteristics "Bergey's Manua." Strain Alp ha

CELLS
Shape 0.5-0.6 micron spheres | 0.5 micron spheres
Cram-staining

characteristics Gram-positive _ Gram-positive
Aggregation singles, pairs, and singles, pairs,

frregular groups tetrads, and small
groups

Mobility nonmotile nonmotile*
CULTURES
Optimum temperature o o

for growth 37°C 37°C
Oxidation-potential asrobic, facultative aerobic, facultative

reguirements anaerobic anaerobic

appears to use
ammonium from

ammonium perchlorate

grows in 8% NaCl
agar®

medium uniform
turbidity in TSB,**
long thick "fingers”®
of turbidity in
anaerobilc part of
FTM, gray-white
sediment

acid*

nitrate reduced to
nitrite

acid produced*

acid produced

*Olitzky

*#Trypticase soy broth and FTM indicates fluid thioglyéollate medium
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TABLE I (Continued)

Characteristics

"Bergey's Manual" Strain

Alpha

CULTURES (Continued)

Galactose In broth
Lactose in broth
Xvlose in broth
Arabinose in broth
Raffinose in broth
Inulin in broth
Sorbitol in broth
Mannitol in broth

acid may be procuced
acid may be procuced
no acid produced
no acid produced
no acid produced
no acid produced
no acild produced
no acid produced

acid produced*

no acid produced#®

COLONIES3

Gelatin-stab colonies

Agar-surface colonies

white surface growth
with slow saccate
ligqulfaction

smooth, circular,
translucent white
colonies

slow liquifaction

smooth, circular,
translucent white
colonies

1 OTHER
CHARACTERISTICS

Indole test
Urease iest
Catalase test
Pathogenic
Parasitic
Coagulase test
Hemolysis test

catalase positive
no

yes

coagulase negative

no indole produced*
urease produced®

nonhemolytic

*Qlitzky

17
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TABLE I (Continued)

Characteristic

"Bergey's Manual” Strain

Alpha

ORIGINAL SOURCE

human skin wounds and
abscesses

a specimen of solid
propellant containing
aluminum powder,
ethylene oxide, and an
inoculum of B. subtilis
var. niger spores

HABITAT skin and mucous dust at JPL - possibly
membranes of humans also people
and other animrals

DISTINCTIVE

CHARACTERISTICS ferments glucose but appearance in FTM

not mannitol under
anaerobic conditions

coagulase negative

form of colonies

frequency of tetrads
in smears from suwface
colonies

ethylene-oxide
resistance

sensitivity to drying
from suspension in
pure solvents

18
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TABLE 1I

CHARACTERISTICS OF ALPHA COMPARED WITH THOSE OF

GAFFKYA TETRAGENA

Characteristic

Gaffkya Tetragena™

Alpha

CELLS

Shape
Gram~staining
characteristics

1 micron sphere

Gram-positive

0.5 micron spheres

Gram-positive

Aggregation singles, pairs, and singles, pairs,
tetrads (particularly in tetrads, and small
body fluids) groups

Mobility honmotile nonmotile#®

Capsule pseudocapsule in

body fluids
CULTURES
Optimum temperature o
for growtn 37°C 37°¢C

Oxlidation—-potential
requirements

Nutritional factors
required

Salt tolerance

Appearance of broth

containirg ferment-

able carbohudrate

Action on special
media
Litmus milk
Nitrate broth

Glucose in broth
Fructose in broth
Maltose in broth
Trehalose in brot
Sucrose in broth
Glycerol in broth

Mannose in broth

aerobic, facultative
anaerobic

biotin
some B vitamins

acid
acid produced

Iy

acid produced

amino acids for nitrogen

clear with gray sediment

does not reduce nitrate*®

aerobic, facultative

anaerobic
appears to use
ammonium from
ammonium perchlorate
grows in 8% NaCl
agar¥

medium uniform
turbidity in TSB,**
long thick "fingerg"
‘of turbidity in
anaerobic part of
FT'M, gray—-white
sediment

acld*

nitrate reduced to
nitrite

acid produced¥*

acld produced

*Olitzky

**Trypticase soy broth and FTM indicates fluid thioglycollate medium

+ Bryan
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TABLE TI (Continued)

Characteristic

Gafikva Tetragena

Alpha

CULTURES (Continued)

Galactose in broth
Lactose in broth
Xvlose in broth
Arabinose in bkroth
Raffinose in broth
Inulin in broth
Sorbitol in broth
Mannitol in broth

acid produced

acid produced

no acid produced

COLONIES

Gelatin—-stab colonies

Agar—-surface colonies

white surface growth
but with no
liquification

smooth, circular,
translucent white,

glistening colonies.

with entire edge

smooth, circular,
translucent white
colonies

OTHER
CHARACTERISTICS

Indole tes:
Urease test
Catalase test
Pathogenic
Parasitic
Coagulase test
Homolysis test

Gas production

no

coagulase negative

nonet

no indole produced
urease produced

nonhemolytic

none

+ Bryan

¥ U. S. Naval Medical School
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TABLE II (Continued)

Characteristic

Gaffkya Tetracena

Alpha_

ORIGINAL SOURCE

human skin wounds
and abscesses

a specimen of solid
propellant containing
aluminum powder,
ethylene oxide, and
an inoculum of

B. subtilis var. niger'

spores

HABITAT

skin and mucous
membranes of
humans and dther

air :

animals, and in the

| dust at JPL - possibly

also people

DISTINCTIVE
CHARACTERISTICS

does not reduce
nitrates

growth as sediment
In broth

tetrads In body flulds

appearance in FTM

form of colonies

frequency of tetrads in
smears from surface
colonies

ethylene oxide-
resistance

sensitivity to drying
from suspension
in pure solvents
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TABLE III

GROWTH RATE OF STAPHYLOCOCCUS EPIDERMIDIS STRAINS

Tubes of Trypticase soy broth which showed turbidity after inoculation with
two different strains of Staphvlococcus epidermidis and incubation at 37°C
for several periods of time

Length of | Sraini Size of Inoculum?, logarithm
Incubation of one-half the
hours estimated number of viable particles
b l5 4 3 2 1 0 |~11-21~31-41-5
i6 X Ol B N I S B N i T B
155a e e BT R I o R -
155b + |+ |-t - 1=-4i=-1=-1=1- -
19 P +t+ 4+t - -]~ -
155a +y+f+ - ]=-1-1-1-1- ~
155b + 1+t + -t =-1=-1=1=1= -
24 x +l+ b+l - - -
155a +l+ e+t ]+ - -]=-1-1-
1550 +{ + |+ + |- =]~ R -
40 % + 1+ 1+ - -]+
155a +t+ P - - -
. 155b L B I i B R -1 -
48 % i+ b+ F {F - -]+
155a + 1+ |+ |+ |+ 1+ ]+ -] - -
155b + 4+ L+ P+~ U -

1. Strain x is a mutant of species alpha which is not resistant to
ethylene oxide dissolved in broth to the extent of 0.4% and which
does not liquify gelatin as alpha does. Strains 155a and 155b
are replicates, of a suspension of cells in purified water, obtained
from a single ampoule of ATCC 155 strain of Staphylococcus

epidermidis. '

2. Cells of 3taphyvloceoccl occur mostly in multiples, i.e., diploids,
tetrads, and small clusters (the name means coccl which occurs in
grapelike clusters). For this reason, assays disclose the numbers
of viable clusters or particles. On serial dilution, some of the
clusters are broken into smaller clusters which extends the range
of infectivity of suspensions to greater dilutions. It also means
that at the higher concentrations the actual number of viable
clusters is less than that indicated by conventional interpretations
of serial dilution assays. :
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TABLE IV

TOXICITY OF SOLVENTS FOR MICROORGANISMS

e

. 4
‘Survival of microorganism populations (2x10°7 cells) in suspension in
several common solvents at room temperature for two perlods of time.

Suspension Vehicle B. subtilis. var. niger Staph. epldermidis, sp.
0 hours 4 hours 0 hours 4 hours :
Water + + + +
Ethanol 99%, water 1% + + - -
Acetone 99%, water 1% + “+ - -
Methanol 99%, water 1% + + - -

1, One hundred thousand (105) cells in 0.1 ml of water were
dispersed in 10 ml of the solvent. Five percent of this
population, in 0.5 ml of the solvent, was transferred to
Trypticase soy agar and incubated at 37 C for 3 days.
The + signs indicate some of the population survived.,
The - signs indicate that no survivors were detected.,
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TABLE VI
TOXICITY OF PROPELLANT INGREDIENTS
Vigor of Microbial Growth in Broth

Ingredient |Inoculum |Exposed to Ethvlene Oxide No No Yes | Yes
Exposed to Ammonium Perchlorate| No Yes | No Yes
Aluminum 105 ‘ +
Powder 107
(MD 105, 104
Lot # 0
A1163-112) { 10Q%4A% +
104B3 e Fr
Alrosperse 105
(Lot # 104
85377) 104
0
102A2
102B3 I+
PBNA, Phen-| 106
yl-beta~- 14
naphthyl- 1G4
amine 0
(Lot #54) 102A%
1024B3 - -+ ++ ++
TMP, 1,1, 1-| 106
Trimethylol | 104
propane 102
0
10272
102B3 ++ A+ ++ ++
FeAA, Ferric | 106 '
acetylace~ | 104
tonate 102
¥x mod., 0
sc':?e}eon 10272 -
ground 8-3-63 10283 + ++
Acetone. 106
194
132
-0
102A2
102R3 . Sk ++
TDI, 2, 4- 106 -
Toluene 104
diisocy- 102
anate 0
(Lot #279) 102A%
102B3 ++ ++
PPG, Poly- | 106
propylene 104
glycol (BH~| 10%
3-252278 0
DR 21 de- | 102p%
gagseq 1043 ++ +H |+t

! (Lot #7883 DR 27 and 28)

Bacteriostasis control for Alpha

Bacterlostasis conirol for B. subtilis, var. niger spores

While B. _subtilis, var. niger did not grow, a contaminant did.
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TABLE VII

ETHYLENE OXIDE RESISTANCE OF SEVERAIL SPECIES OF BACTERIA
+ indicates that the inoculum grew in the broth when incubated

40 hours at 3700, - Indicates that the inoculum did not grow.

Species Inoculum, |% V/V of Liquid Ethylene Oxide’ in TSB?
particlesd [ 0,60 | 0.40 | 0.20 | 0.10 ] 0.5 or
less |
-B._subtilis, var. ) - - - - +
niger spores 10 - - - — ~
- - + + +
6
10 -~ — - .
Staph. epidermidis 4 - - = + T
ATCC 155 10 - . - - .
- = ¥ + ¥
5 _

10 - - - "
Staph. epldermidis 4 - = = T T
Spe X 110 - — T + -
Alpha 104 - - - + +
- ¥ ¥ ¥ +
s + ¥ ¥ + F

10 - ¥ + +

- ¥ ¥ ¥

- = T +

1. The ethylene oxide was contained in 1 ml of an agqueous solution.

2. TSB means Trypticase soy broth.

3. The inoculum was contained in 0.1 ml of viable particles suspended

- In water,
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TABLE VIII

INOCULUMS OF EACH OF SEVERAL SPECIES OF MICROORGANISMS REQUIRED
90 INFECT FLUID THIOGLYCOLLATE MEDIUM CONTAINING ETHYLENE OXIDE
lumber of + signs indicates density of turbidity. - signs indicate no turbidity appeared.

B

 pep e

Species Inoculum Percent of Ethylene Oxide in
Fluld Thioglycollate Medium
Cells 0.00 0.38 0.70 1 0.96
T "Hacillus from ethylene oxide- 3 x 107 = ——= ——— ———
exposed SY 251/7 propellant 3 x 106 ++t | -+
specimen, specles Zavin from 3 x 100 +++ +H+ |+ +
Task II. 3 x 104 +++ -+ ++ ++
! 3x 109 -+ +++ - —
§ 3 x 102 T T | A _
"B, llchenformis 1 x107 ——= —— —— ——=
) 1 x 106 +++ ++ 4-4- -
1 x 100 -+ ++ - -
1 x 104 -k ++ - -
1x 103 ++H+ - - -
1% 102 _—_ | == | -
Beta 1x 107 i = ===
T 1x 106 -+ | +++ -
1 x 109 -+ +++ -+ +++ g
1 x 104 +++ | +++
1x 103 +-++ +++ - -
: 1 x 102 L - - -
B. subtillis, var. niger 3 x 107 +t | - -
: 3 x 100 +++ +++ - -
3x 107 i+ ++ - -
3x 104 -+ +F - 1=
3 %103 +H - - -
- 3 x 104 ——= e e
Alpha ' : 2 x 107 +++ +H+ +++ ++
2 x 109 +++ +++ +++ ++
2 x 10° ++-+ 4+ +++ +++
2 x 104 +4++ -+ +++ -+
2 x 10° +4+ 4+ | ++
2 x 102 —— i R
Staphylococcus epidernidis 1x107/ i - - -
1 x 100 +++ ++ -+ +
1x 109 +++ ++ ++ +
1 x 104 +++ ++ + +
1x 103 +4-+ ++ + +
1 x 104 +++ ++ + -
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TABLE IX

EFFECT OF DRYING ON VIABILITY OF
STAPHYLOCOCCUS EPIDERMIDIS POPULATIONS

Numbers of colonles on Trypticase soy agar incubated at 37°C

Inoculuml | Expected Strain
Number ATCC 155 Alpha
Cbl%fnies Test | Test | Test | Test |Test | Test |[Test
1 | 2 |1 2 |3 4 | s
10° 2,000,000 | 320
107 200,000 496 | 4 | s0 | TNG
106 20,000 |1000 | 7 | 1 1 |tne | 126
10° 2,000 260 71 o 0o |20 | 80
104 200! o] o] 0 0
10° - 201 0 0 0 0

The inoculum was contained in 0.1 ml of a liquid suspension
of the cells. It was dried on a glass cover slip in an open
Peiri dish for a period of 4 hours. The inoculum remained
satwated for two of these four hou's. In both Tests 1 and 2
for both Strains, the cells had been washed before they were
suspended in sterile purified water and used to inoculate the
glass cover slips. In Tests 1 and 2 the inoculum was dried
in air at 50% RH. The cells used in Tests 3, 4, and 5 had
not been washed. For Tests 3 and 4 the inoculums represent
a serial dilution of material flushed from a partially dried
culture on the surface of Trypticase soy agar. Though the
dilutions were made in sterile purified water, some of the
agar and nutrients surely accomparied the cells into the
inoculum where they could protect the cells from destruction

_ by drying., In Test 5 the inoculum was from a three-day-old

culture in fluld thioglycollate medium. While the inoculum
in Test 5 was dried simultaneously with and similarly to that
of Test 2, the inoculum for Test 3 was dried in dry alr and for
Test 4 in dry nitrogen.
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TABLE X

EFFECTS OF DRYING AND EXPOSURE OF ETHYLENE OXIDE

ON POPULATIONS OF ALPHA ORGANISMS

Number1 of colonies on each Trypticase soy agar plate after inoculation with a

0.5-ml aliquot of the fluid thioglycollate suspension?

of the dried3 inoculum,

Support | Desiccant Replicate Exposed4 to Ethylene Oxide |Not Exposed to Ethylene
Vapor : Oxide Vapor
In Acetone In Water In Acetone In Water
y Alpha Spores | Alpha |Spores | Alpha | Spores |Alpha} Spores

Glass Dry Nitrogen 1 0 5 60

Coupon, : 2 0 0 100
1"x 1" x| Dry Alr 1 0 0 6 0
0.05" 2 0 0 0 0
Air at 50% RH 1 0 0 10 0
2 0 0 42 0
Teflon Dry Nitrogen 1 0 0 0 0
Coupon, 2 0 0 0 0
1" x 1'% | Dry Alr 1 0 0 1 0
0,01" 2 0 1 1 0

Air at 50% RH 1 0 0 0 62

' 2 2 0 0 v 70
Aluminum | Dry Nitrogen 1 0 19 0
C~upon, 2 0 24 0

;1" x | Dry Air 1 0 0 0 28

0.03" 2 2 0 0 25
Air at 50% RH 1 0 15 0
2 0 5 0

1, Expecfed number of colonies, had all viable particles in the inoculum on the coupon |

=urvived d
N 2s 2 X% 1012,.

ing and had been evenly dispersed in the fluid thioglycollate medium,
The inoculum on the coupon contained, Initially, 106 particles in 0.1

ml of ligquid. On drying these particles could form clumps which were not dispersed

adequately enough to disclose the true numbers of survivors.

2. The dried inoculum was suspended in previously sterile fluid thioglycollate medium
by putting the coupon (glass, teflon, or aluminum) into the medium aseptically and
then sonicating the medium for 1 minute before shaking the jar of medium and with-

drawing the 0.5-ml aliguot.

The coupons were all prepared and tested in duplicate.

3. The inoculum included 106 viable particles (alpha occurs mostly as diploids, tetrads,
and small groups of cells) dried for 24 hours in the indicated environments.

excess of that equivalent to 50% RH and a small amount of air.

place at room temperature. Exposure lasted for 2 hours.,
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,,\fhe number of + signs indicates the turbidity of the fluid thioglycollate medium containing

TABLE XI

EFFECT OF DRYING AND EXPOSURE TO ETHYLENE OXIDE ON
DETECTABILITY OF POPULATIONS OF ALPHA ORGANISMS!

the dried inoculum and coupon after incubation, - signs indicate that no turbidity appeared.

Support | Desiccant Replicate | Exposed to Ethylene Oxide Not Exposed to Ethylene
' Vapor Oxide Vapor
In AGetone | In Water In Acetone In Water
Alpha | Spores | Alpha | Spores | Alpha | Spores| Alpha { Spore
Glass Dry Nitrogen 1 = ++ s +4+
2 - - + A4+
Dry Alr 1 -+ - +++ | -
2 -1 - +++ | F
Air at 50% RH 1 - ++ At | -
2 - - 44+ |
Teflon Dry Nitrogen 1 - -+ +++ |+
: 2 - ++ e
Dry Air 1 - +++ - +
2 - - ++t+ |-
Air at 50% RH 1 - - - - +++
2 ++ - - + _ +++
Aluminum| Dry Nitrogen 1 - 4t |-
2 - 4+ |
Dry Air 1 - - + a +4-+
2 - - + A+
Air at 50% RH 1 +++ - 4 -
: 2 - - +++ |-+
1, The populations and their treatments are described in the footnotes to Table X,
30
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TABLE XII

COLOR1 OF FLUID THIOGLYCOLLATE MEDIUM CONTAINING
DRIED INOCULUM AND COUPON AFTER INCUBATION?Z

B Support | Desiccant Replicate | Exposed to Ethylene Oxide  Not Exposed to Ethylene
Vapor Oxide Vapor
In Acetone In Water In Acetone In Water
: Alpha | Sporest Alpha | S»ores| Alphal Sporesi Alphai Svpores
"Olass Dry Nitrogen 1 straw _|yellcw yvellow yellow
2 straw | amber amber vellow
Dry Air 1 yellow straw yellow |amber
; 2 vellow siraw vellow lamber
Air at 50 RH 1 amber amber vellow lamber
; 2 amber amber vellow lamber
T eflon Dry Nitrogen 1 straw amber vellow lamber
i 2 straw vellow ‘ straw lamber
: Dry Alr 1 straw vellow vellow j[amber
’ 2 straw straw vellow |amber
[ Air at 0% RH| 1 amber | amber amber : yvellow
! 2 amber | amber amber vellow
i AMuminum | Dry Nitrogen 1 vellow ‘ vellow lamber|
§ 2 siraw . yvellow lamber
! Dry Air 1 straw | straw: amber yellow
! 2 straw | strew amber yellow
i Alr at 80% RH 1 straw ' amber vellow jamber
] 2 straw amber yvellow lamber

“A 20-ml quantity of freshly prepared fluid thioglycollate medium in baby-food jars is
‘straw colored. Because the head space over the medium contains oxygen, the broth
soon becomes saturated and amber in color, but remains free of turbidity. Character-
istically, the medium becomes increasingly reducing as populations of microoganism
grow and consume oxygen. The amber color than disappears and a yellow color
develops, The yellow color is usually accompanied by a dense turbidity. Occasionally
the microorganism population dees not become large enough to produce turbidity but

the broth develops a straw color agaln, indicating oxygen consumption.

2. The broth had been sampled to prepare the agar plates described in Table X. More~
over, some coupons contalned viable particles of species other than alpha or B. subtilis,
var. niger. These particles produced yellow color in the broth. In interpreting the
table, "amber" means that the broth appeared to contain no viable nor metabolizing
cells from the inoculum. All amber colored broths were confirmed to be nonbacteriostatic.
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SUMMARY

The extent and character of microbiological contamination in
each of two batches of solid propellant were measured. In a portion
of one batch a population as large as 106 cells/milliliter was found.
While no thermophiles nor obligate anaerobes were detected, many
species of aerobes and facultative anaerobes were. Several of these
species appear 1o be more resistant to ethylene oxidé than are spores

of B. subtilis, var. niger.
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I. INTRODUCTION

That solid propellants may contain microorganisms more resistant
to ethylene oxide than are spores of B. subtilis var. nigerwas indicated
by discovery of species of alpha. Species alpha was found in aerobic
incubation of pulverized solid propellant dispersed in Trypticase soy broth
and incubated at 37°C. This propellant specimen had been prepared from
a formulation which had included both ethylenz oxide and an inoculum of
B. subtilis var. niger spores. Whether normally prepared solid propellant
might also contein anaerobes, thermophiles o1 molds more resistant than
either alpha or B. subtilis var. niger, when embedded in solid propellant,
had been unresolved.

Replicated specimens of two types of solid propellant and of a
Pfaudler-pot fuel mix (containing Alrosperse, polypropylene glycol, and
1,1, 1 = trimethylol propane) were assayed for viable cell content and the
ethylene oxide resistant specles found identified with respect to morphology,

Gram-staining characteristics, and colony form and color,

One specimen (SY 251/7) contained aluminum particles while the other
(PUP 2/11) did not. Both propellants use a polyurethane-type binder. Alpha
was lsolated originally from a propellant similar to SY 251/7.

é. 27



II. METHODS

The solld propellant specimens identifizd in Table I were assembled
in hermetically-sealed, polyethylene bags with the tools and supplies shown
in Figure 1. The specimens were in blocks 2-1/2" x 3" x 3" in size, The
polyethylene bagAwas constructed of 4~mil polyethylene film and the seams |
were sealed by a heat sealing process. In each bag with the propéellant
specimen and supplies, was placed a jar containing a solution consisting of
100 milliliters of liguid ethvlene oxide and 1 milliliter of water. This
solution evapora‘ed to saturate the air in the bag with ethylene oxide vapor
and maintain the absolute humidity in the bag about that equivalent to 50
percent relative humidity. The concentrations of ethylene oxide and water
in the bag were confirmed by gas chromatography. The bags remained sealed
for a period of 7Z hours before the solid propellant specimens were sampled
and pulverizved particles dispersed in the previously sterile fluid thioglycollate
medium (FTM) in baby food jars.

To sample a solid propellah’c specimen, it was transferred to one of the
two powder collection compartments where it was abraded by the file while
dry. All particles were less than one millimeter in greatest dimension with
many of them in the micron range of sizes. The specimen and the file were
removed, from the powder collection compértment and were replaced by a jar
“containing 100 mrilliliters of sterile fluid thioglycollate broth, During the
surface sterilization process the exterior of tha specimen had maximum
exposure to ethylene oxide, If ethylene oxlde penetrated the specimen, the
exterior portion would show maximum effect of this penetration. In Table I
the viable particle content of this powder is shown for those specimens which

have been identified as "exterior (ETO)".

After approximately one gram of the powder was prepared and the
replacement made, the passage between the compartment and the remainder

of the bag was then closed using a heat sealer.



The contents of the jar of broth were poured into the hermetically
sealed powder collection compartment., After verifying the Integrity of .
the seal, the entire bag and its contents were sonicated for oﬁe minute.
The broth, now containing the p'ulverized propellant, was returned to the
jar which was then sealed and removed from the plastic ‘envelope. The

jar was wiped dry,

Previous abrasion techniques have been performed while the
specimen was submerged in broth or water in order to suppress the fire
hazard. Under agueous liquids, the ammonium perchlorate is rapidly
extracted from the propellant and the abragion occludes many organisms
while it exposes others. When pulverized in the dry state . the structure
of the propellani is preserved during the wetting with broth or water thereby

reducing occlusion of viable cells.

On wetting, the powdered propellant readily agglomerates into a
clump. On working, this clump can be compacted easily. In testing for
viable cells, avoidance of compaction is important and for this reason,
the suspension including the clump was sonicated to hasten the penetration
of the broth and the solution of the ammonium perchlorate.

After the exterior sample had been removed from the specimen, the
specimen was sliced along the dotted lines shown in Figure 1. This cut
exposed an interior surface for sampling. Thz smaller portion of the speciren
was then put into the second powder collection compartment and approxima‘ely
one gram of powder abraded from the freshly cut "interior" surface. The stzps
for suspending the powder in the broth were repeated.

The gas remaining in the bag with the tools and two blocks of specimen
was then assayed for ethylene oxide and water vapor contents. The ethylene
oxide content, in every case, was found to be less than 70 milligrams per
liter and the water vapor content to exceed that equivalent to 50 percent
relative humidity. |

The bag for one of the propellant specimens contained, in addition to
the tools and supplies discussed above, a microtome, tweezers, and a

third jar of broth. After the powder specimens had been collected, a
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portion of propellant from the iﬁterior of the specimen was placed in the
microtome holder and slices approximately 400 microns thick were removed
from it and placed in the previously sterile broth. - Approximately one gram

of propellant was transferred to the broth in this manner.

Using a sterile pipette and aseptic technique, one milliliter of the

Pfaudler—-pot fuel mix was transferred to the previously sterile broth.

Bacteriostasis controls on the broth were prepared by having a
third bottle of broth in two of the bégs . These broths were confirmed to
be nonbacteriostatic to spores of Cl. sporogenes. After 72 hours incubation,
all jars still showing no evidence of bacterial populations were inoculated
with one-half mi liliter of the fluid from one of the jars showing turbidity.
On further incubation, turbidity and a yellow color developed in every one

of the jars, verilying absence of strong bacteriostatic effects.

Within two hours after the pulverized specimen was suspended in the
previously sterile fluid thioglycollate medium (FTM), a 0.5-milliliter aliquot
of the suspension was withdrawn and placed on the surface of Trypticase
soy agar (TSA) and incubated there under each of the conditions shown in
Table I. In addition, Sabourauds dextrose agar (Sab) and anaerobic agar (A2)
‘in large, deep test tubes were inoculated with 0.5-milliliter aliquots of the
suspension and incubated under each of the corresponding conditions shown
in Table I.

The jars containing the suspension of ndulverized propellant and the
Pfaudler-pot fue. mix were incubated at 37°C “or 6 hours (10 hours in the
case of Specimens No. 4 and 6) after which a second set of plates and AA
tubes were inoculated with 0.5~milliliter aliquots. The jars were then
returned to the incubator where they remained until a total of 72 hours had
elapsed. They were then sampled again for the presence of anaerobes and

then tested for bacteriostasis in the manner described above.

All plates were incubated for 7 days before final colony counts were
recorded. On the right side of Table I, the information under the heading,
"in FTM at 37" describes the appearance of the broth in the baby food jars
when they were tested for the presence of anaerobes and bacteriostasis.
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Under the heading "on Brewer plates" are recorded the numbers of
colonies appearing on the surface of anaerobic agar (AA) inoculated with %
0.5 milliliters of the fluid in the incubated baby food jars. Anaerobic

incubation was provided by use of Brewer anaerobic plates. In most cases

the colonies wera mucoid and coalesced ito form one large colony.

The integrity of the same closure on thease same baby food jars,

with respect to ethylene oxide penetration, was established by many tests

in earlier laboratory studies.

The footnotes following Table II present specific information about

the details of the tests whose results are reported in that table. %
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I1T. RESULTS

Table I shows the numbers of naturally occurring microorganisms

- which can be detected in five milligrams of pulverized solid propellant
or Pfaudler~pot fuel mix. Two of the specimens contained in excess of
1()6 viable cells per milliliter. The most prevaient specles seemed to be
a Gram-negative aerobic bacillus which was not, however, particularly
resistant to ethylene oxide in ethvlene oxide~screening culture but
seemed to survive exposure to surface sterilization. The preparation of
the ethylene oxide-screening culture is described iﬁ a note following
Table 1. '

On incu‘bation of the suspension of pulverized propellant, the
numbers of viable cells of some species seemed to decrease while those
of other species seemed to Increase. The frequency of occurrence of cells
of anaerobic specles seemed to parallel the frequency of appearance of

cells of aerobic species.

‘When the plates contain many colonies, the frequency of colonies
from two or more viable ceclls coalescing to appear as one colony increases.
" In addition, cells which are late in germinating find that the agar has been
depleted of nutrients by those cells which developed colonies earlier. Soms
strains and species produce substances which suppress the proliferation of
other strains of microorganisms. In the interpretation of the information in
Table I, little reliance can be placed on the numbers recorded for a particular
type of colony when either many colonies or many types of colonies were
observed. The information in the table does show that never more than five
really distinct types of colonies appeared on any one plate and that some
plates contalned relatively many colonies while other plates contained
relatively few. Comparisons of relative numbers of colonies of different
species appearing on any particular plate are 1ot meaningful., Differences

may be due more to conditions of incubation than anything else.
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Earlier work had found that as few as 100 viable spores per mﬂliliter

of B. subtilis van niger in solid propellant, which contained aluminum, were

detectable when the propellant was pulverized by shaving with a microtome.
No B. subtilis var. niger cells were found in any of the propellant studied in

the program reported here, though cells resembling species alpha were found.

A varlety of reasons why the microtomed specimen failed to show contamination

could be offered, but to establish which reasons are correct would have
required an effort beyond the scope of the program. It was sufficient to show
that the file abrasion of dry propellant was a sufficiently sensitive technique

for detection of microbial contamination to be useful.

Table T chows that the microbial contamination was not uniform throvgh-

out a single block of cast propellant. This observation may indicate that
the microbial contamination was introduced late in the mixing process or
during casting. This indication is supported by the failure of the testing
technique used to find any viable cells in the Pfaudler-pot fuel mix or any
of the ingredients of the propellants. These techniques were not sensitive
enough to measire very low orders of contamiration but were established

to measure moderately large contamination loads.

Table 1I describes the charac'teristics of many of the species of

~ microorganisms found in the solid propellant specimens. The characteristics

of.the species alpha, found earlier in solid propellant, beta, found to be
a particularly ethylene oxide-resistant species present in dust at JPL, and
phi, identified as a strain of B. lichenformis, have been included in the

table. TFor purposes of colony description the facultative species, other
than alpha were grown on anaerobic agar in Brawer anaerobic plates and in
fluid thioglycollate medium rather than on the Trypticase soy substrates.

The descriptions of colonies on the anaerobic plates’may not correspond with
those of ethylene-oxide resistance because the anaerobic plates contained

mixed cultures of possibly widely varying resistance to ethylene oxide.

By the Greek and Hebrew letters in front of the numbers, Table I
shows the source of many of the species of microorganisms described in
Table II. The five colony types indicated in Table I do not signify the same

types of colonies for all of the plates. The presence of other species andv
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greater numbers of colonies on some plates than on others causes a change in

the sizes and appearances of the colonies. In addition, the appearance of
the colonies of a particular species will vary with incubation conditions. For

this reason, the set of colonies chosen for identification may contain

replications and most likely will.

o2 2
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IV. CONCLUSIONS

Several varicties of microorganisms are present in the solid
propellant, some to the extent of 106 per milliliter. Most of
the easily detected species are aerobes though many facultative

anaerobes are also present. Thermophiles are few.

Among the species of microorganisms found in the solid propellant
were several more resistant to ethylene os:ide than are spores of

B. subtilis var. niger under the conditions of the test.

The extent of contamination varies within a single block of cast
propellant. The greatest contamination is not necessarily either

the first or last portion cast.

‘The microbial contamination in the specimens containing aluminum

powder (SY 251/7) produced fewer colonies on the assay plates than

did the specimens which contained no aluminum powder. While this
effect could have been due to the presencs of the aluminum particles,

it could equally well be due to the batch~to-batch variation in the
preparation of the propellant. The absence of microbial flora in the

pot fuel mix indicates that detectable microorganisms were present in
numbers fewer than 10 per milliliter on the basis of the sampling
stétistids. If the pot fuel mix is bacteriostatic to any degree even

10 cells/milliliter may fail to show their viability in the assay procedures
used. The difference in numbers of viable microorganisms in the propellant
and In the Pfaudler-pot fuel mix indicates that the contamination occurred
after this fuel mix was prepared. The work in Task I indiéa’ces also that
the contamination came either from accidental contamination during the
mixing or casting operation or that microorganisms of certain species
proliferate. in the solid propellant. The gpecimen which contained the
greatest number of viable cells was stored for 8 months before it was

sampled anc tested for microorganism content.

10



On suspension of microorganisms in broth, the numbers of some species
decrease so that the ability to detect the presence of these species

depends upon the prompiness of the assay of the suspension.

Abrasion of the propellant while it is dry produces fine particles
fromwhich microorganisms can be recovered at least as well as

from microtomed slices 400 microns thick.

Under the conditions used, ethylene oxide does not penetrate a
block of solid propellant deeply. Some does penetrate deeply
enough, however, to reduce the size of the viable population near

the surface.

11
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TABLE 1I
CHARACTERISTICS OF SPECIES OF MICROORGANISMS
RECOVERED FROM SOLID PROPELLANT SPECIMERNS

Species Code

Characteristics ;
Alpha Beta Theta
CELLS ‘
Type coccus rod rod
Cell diameter, microns 0.5 1.0 0.9
Cell length, microns —— 5~6 3 -4
Gram-staining Gram— Gram=~positive| Gram~-variable |[.
characteristics positive granules terminal granules
Spore~staining '
characteristics negative central spores| central spores
Aggregation tetrads and chains chains
diploids
CULTURES
Oxygen requirements facultative aerobe aercbe
Ethylene oxide resistance™ .| +++ ++t 4
Environmental requirements
TSA at 55°C - -
TSA at 37°C 4+ A+ +++
TSA at 25°C +
Sab at 25°C ++
AA at 37°C , ++
Populgitions distribution in
broth®: . .
Unlform yves ves ves
Sediment yes ves yes
Clumps of filaments in FTM no no
Pellicle no yes yes
. Location of pzllicle — top top
Clear zone at top in FTM no no
Turbidity of culture in broth] medium dense medium
COLONIES
Colony type on agar smooth rough rough
Opacity : translucent opague opaque
Color gray~white light yellow gray-white
Diameter, millimeters 1-3 5 10
Edge round lobed lobed
Texture shiny . dull dull
Profile convex convex flat
18
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TABLE 1T (Continued)

R

Species Code

Char acterls.iics Tota . Kappa Lambda
CELLS -
Type : rod rod rod
Cell diameter, microns 0.5 0.9 0.6
Cell length, microns 1-2 3—~4 3
CGram~-staining _

Characteristics negative CGram~poslitive] Gram-positive
Spore-~staining ‘ '

Characteristics negative terminal sporeg negative
Aggregation clusters single, clusters

' .diploid
CULTURES
Oxygen requirements aerobe aerobe aerobe
Ethylene oxide resistance - + +++
Environmental reguirements’

TSA at 55°C - - -

TSA at 370C ++ +4+ e

TSA at 25°C - 4

Sab at 25°C + +

AA at 37°C
Populations distribution in
brothS:

Uniform —— yes yes

Sediment Rann yes yes

Clumps or filaments — no no

Pellicle —— no no

" Location of pellicle ~ - —— -

Clear zone at top —— no no
Turbidity of culture in broth} -- light dense
COLONIES
Colony type on ajar smooth smooth rough
Opacity transparent translucent opaque
Color light yellow orange gray- write
Diameter, millimeters 1/2 3 2
Edge round lobed frregular
Texture shiny shiny dull
Profile convex flat flat
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TABLE II (Continued)

Species Code

Characteristics

: Mu Nu Xi
CELLS -
Type rod rod rod
Cell diameter , microns 0.5 0.9 0.5
Cell length, microns 1 -2 3 -4 1 -2
Gram~staining

Characteristics negative Gram-variable| negative
Spore~staining ’

‘Characteristics negative central spores| negative
Aggregation single, clusters chains clusters
CULTURES -

Oxygen requirements 1 aerobe aerobe aerobe
Ethylene oxide resistance - 4+ -
Environmental 1oqu1rements

TSA at 55°C - - ~

TSA at 3700 ++ +++ 4+

TSA at 25°C ++ ++ A4t

Sab at 25°C + . +

'AA at 37°C
Population distribution in
broth‘s

Uniform — yes -

Sediment - yes -

Clumps or filements - no ——

© Pellicle - yes —

Location of Pellicle — top —

Clear zone at top — no —
Turbidlty of culture in broth| -~ dense. e
COLONIES
Colony type on agar smooth rough smooth
Opacity translucent opaque transparent
Color yellow gray~-white light yellow
Diameter, millimeters 2 10 1/2
Edge round lobed round
Texture shiny dull -shiny
Profile convex flat . convex
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TABLE II (Continued)

Specles Code

Diameter, millimeters
Edge

Texture

Profile’

light yellow
1

round
shiny
convesx -

7
lobed
dull
flat

Characteristics -
Omicron . P1 Rho
CELLS
Type rod rod rod
Cell diameter, microns 0.5 0.9 0.5
Cell length, microns 1-2 3-4 1-2
CGram-staining Gram-positive
Characteristics negative Terminal - negative
: Granules
Spore-staining
Characteristics negative central spores | negative
Aggregation clusters chains clusters
CULTURES
Oxygen requirements 1 aerobe aerobe aerobe
Ethylene oxlide resistance - - -
Environmental requirements
TSA at 55°C - - -
TSA at 37 C +++ R +++
TSA at 25°C ++ ++ ++
Sab at zsgc + + +
AA at 377C
Populéations distribution in
brothv: ‘ :
Uniform - - -
Sediment - - ——
‘Clumps or fi.aments - - -
Pellicle - - -
Location of pellicle - - —
Clear zone at top - - -
Turbidity of culture in broth | -- - -
COLONIES
Colony type on agar smooth rough smooth
- Opacity fransparent opague transparent
Color gray-white light yellow

1/2
round
shiny
convex
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TARLE II (Continued)

Characteristics

Species Code

Sigma _ ,Taus Upsilon5

CELLS
Type rod coccus coccus
Cell diameter, microns 0.5 .0.6-0.38 0.8~1.0
Cell length, microns 1 -2 — ——
Gram-staining .

Characteristics negative Gram-positive | Gram-positive
Spore~-staining :

Characteristics negative - -
Aggregation clusters I diploid, tetrad} small {rreqgular

i small irregular] clusters
clusters

CULTURES -
Oxygen requirements 1 aerobe facultative facultative
Ethylene oxide resistance - + et
Environmen’calorequirements '

TSA at 55°C -

TSA at 37°C +H+

TSA at 25°C ++

Sab at 25.C +

AA at 37°C - + +
Populations distribution in
broth3:

Uniform - no no

Sediment - none none

-Clumps or filaments - filaments no

 Pellicle —— - yes

Location of pellicle - — upper zone

Clear zone at top —- yes no
Turbidity of culture in broth} -- filaments confined to

' upper zone
COLONIES
Colony type of agar smooth smooth smooth
Opacity translucent opadque opaque
Color yellow white white
Diameter, millimeiers 1 1-2 1-2
Edge round round round
Texture shiny shiny shiny
Profile’ convex convex convex
22
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TABLE II (Continued)

Characteristics

- Species Code

phi* Chi’ psi®
CELLS
Type rod rod rod
Cell diameter, microns 0.5 -0.9 0.9 1-1.5
Cell length, microns 3-4 4 -5 4.0

Gram-staining

Gram-positive

CGram-positive

Gram~positive

g

o
%

- Characterlstics terminal granule
Spore-staining g
Characteristics terminal spores " negative negative
Aggregation singles and chains; chains chains
CULTURES
Oxygen reqguirements 1 aerobe facultative facultative
Ethylene oxide resistance™ | + +++ +++
Environmental Orequirem ants
TSA at 55°C _
TSA at 37°C +Ht+
TSA at 25°C
Sab at 25°C
AN at 37°C + +
Popu1§tions distribution In
brothv: : g
Uniform yes - no no
Sediment no none none
Clumps or filaments no no no
" Pellicle yes yes yes
Location of pellicle top upper zone upper zone
" Clear zone at top no no no
Turbidity of culture in broth | dense confined to confined to
uppsar zone upper zone
COLONIES
Colony type on agar rough mucold mucold
Opacity opague translucent translucent
Color light yellow cream cream
Diameter, millime*ers 6 - 10 2-3 2-3
Edge | lobed-rhizolid frregular irregular
Texture dull membranous membrancus
* Profile flat flat flat
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TARLE II (Continued)

Specieg Code

Characteristics B £ 5
’ Omega Aleph Beth
CELLS ‘
Type coccus coccus coccus
Cell diameter, microns 0.8-1,0 0.6 -0.8 0.8-1.0
Cell length, microns o : - A -
Gram-staining Gram-positive Cram~positive {| Gram-positive
- Characteristics ' :
Spore-staining - - negative
Characteristics
Aggregation diploid, tetrad, single,diploid) single, diploid,
small clusters triad and tetraq triad,-tetrad,
' small clusters
CULTURES -
Oxygen requirements facultative facultative facultative
Ethylene oxide resistance ++
Environmental requirements
TSA at 55°C
TSA at 37°C
TSA at 2500
Sab at 25°C
AA at 37°C + + +
Popu]?tions distribution in
broth™: '
Uniform - — no
Sediment e - none
‘Clumps or filaments - - no
" Pellicle ’ - —~— yes
Location of pellicle - -- upper zore
Clear zone at top —— ol no
Turbidity of culture in broth| -- - confined to
upper zone
COLONIES
Colony type onagar smooth smooth smooth
Opacity opaque opaque opaque
Color white white white
Diameter, millimeters 1-2 1 -2 1l -2
Edge round round round
Texture shiny shiny shiny
Profile convex convex convex
24



TABLE II (Continued)

Species Code

5

Characteristics & 5
. Gimel Daleth He
CELLS
Type rod coccus rod n
Cell diameter, microns 0.9 1.0-1.5 0.9 §
Cell length, microns 4.0 - 4.0

Gram~staining

Characteristics Gram—-positive Cram-positive | Gram-positive
Spore~staining g
Characteristics Central spore - negative
Aggregation Single and chain tetrad, small single, chain
clusters :
CULTURES
Oxygen requirements 1 facultative facultative - facultative
Ethylene oxide resistance B + ++
Environmental requirements ’
TSA at 55°C :
TSA at 37°C g
TSA at 25°C ‘
Sab at 25°C
Ab at 37°C + + +
Populations distribution in
brothS;
Uniform no ‘No no E
Sediment none none none
Clumps or filements no none no
- Pellicle yes yes yes E

Location of pellicle
Clear zone at top
Turbidity of culture in broth

upper zone
no

confined to
upper zone

upper zone
no

confined to
upper zone

upper zone
no

confined to
upper zone

COLONIES

Colony type on agar mucoid smooth mucoid

Opacity ' translucent opaque translucent

Color cream white cream

Diameter, millimeters 2-3 1-2 2-3

Edge irregular round irregular

Texture membranous shiny membranous
- Profile , flat- convex flat
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TABLE II (Continued)

Species Code

Characteristics 5 B
. Cl. sporogenes Zayin Cheth
CELLS
Type rod rod mold spore
Cell diameter, mlcrons 0.5 0.9 3 -4
Cell length, microns 3.0 4.0 5-7
Gram-staining Gramm-positive Gram-positive
- Characteristics _ o :

Spore-staining Terminal spore

Characteristics '
Aggregation single, chain single, chain
CULTURES
Oxygen reguirements 1 anaerobe facultative - aerobe
Ethylene oxide resistance + +t
Environmental requlrements

TSA at 55°C

TSA at 37°C

TSA at 25°C .

Sab at 25°C ++

AA at 37°C + +
Populations distribution in .
broth®: : :

Uniform no . ‘no

Sediment none none

-Clumps or filaments no no
Pellicle yes : yes
~ Location of pellicle middle third at the top

Clear zone at top yes yes
Turbidity of culture in broth dense-
COLONIES
Colony type on agar mucold smooth
Opacity translucent transparent opadue
Color : cream light yellow green
Diameter, millimeters 2-3 1 1 20
Edge irregular round round
Texture membranous shiny felt like
Profile flat convex flat, concentric
: rings
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TABLE TI (Continued)

Fooinotes
1. Ethylene oxlde resistance was measured by a screening test which

determined whether or not the species could grow in fluid culture in
the presence of ethylene oxide in aqueous solution. The ethylene
oxlde-screening broth was prepared by mixing into sterile broth a
solution of one milliliter of cold liquid ethylene oxide in nine
milliliters of cold water in the ratio 1 of solution to 25 of broth.
Trypticase soy broth was used for all specles except those identi-
fied by a superscript "5", For these, fluld thioglycollate medium was
used. This screening test was based on a procedure developed in
Task T which permitied comparison with the results obtained by other
in\"restigators .

The ethylene oxide resistance of species omega and alpha were not

measured kecause only one colony on each of their respective

initial identifying agar plates was suificiently isolated that a mixed -
population could be avoided. The minus sign for ethylene-oxide
resistance indicates that this species would not grow in the ethylene
oxide~screening broth whereas the plus signs indicate that it did
grow. The greater the number of plus sicns the greater the vigor of
the observed growth in the séreening broth. One or more colonies
identified :n Table I were collected from the surface of the agar and
transferred on a loop to the broth for incubation. No attempt was
made to quantitate the infectivity of the species for ethylene oxide- -

screening broth.

The environmental requirements tests for aerobes were made by
streaking the surface of the Indicated agars with a loop of the
inoculum taken from a colony identified in Table I. The population
appeared as a continuous colony along the sireak. A sing'le plus sign

indicates a visible colony, two plus signs indicate a moderately dense

'population, and three plus signs indicate very vigorous growth along
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3.

4.

5,

the streak. A blank indicates that no test was made.

The Trypticase soy agar (TSA) and the Sabourauds dextrose agar

(Sab) were obtained from Hyland Laboratories as Pre~-Med Monoplates.
The anaerobic agar (AA), fluid thioglycollate medium (FTM), and
Trypticase soy broth (TSB) were prepared {rom dry powder supplied by
Baltimore Biological Laboratory.

The environmental requirements tests for the facultative species were
made by observing colonies on the surface of anaerobic agar and in

deep tubes of anaerobic agar.

The observations about the cultures of the several species were made

on tubes coitaining the species in the ethylene-~oxide screening

cultures described in footnote No. 1 above. Some of the species were
grown in fluid culture without ethylene oxide, The presence of ethylene-
oxide did not chénge the appearance of the culture. In most cases,
however, the cultures in FTM appeared quite different from cultures of
the same species in TSB. The aerobes confined their growth to a band

at the top of the broth bﬁt 1_arge amounts of cells collected at the

interfaces between the aerobic and the anaerobic zones to form a

structure resembling a pellicle, ‘Below this interface, the cells formed

a c1umpy turbidity with varying amounts of clear broth. In TSB, the
aerobes produced a more or less uniform turbidity. In every case
population growth in FTM removed all shades of red color from the
broth. |

This.species did not occur in the solid propellant but has occurred as 2
contaminate In our laboratory. It was present in large numbers in

the dust specimens studied in an earlier prograrﬁ. It grows very

rapidly and suppresses the growth of alpha when the two occur together.
It has been identified as B. lichenformis sp. '

I

The colonies of these orgahlsms were isclated initially by Incubation of
an inoculum taken from the incubated baky food jars and placed on the
surface of anaerobic agar in a Brewer anseroblc dish. Théy were
Incubated at 37°C.
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I. INTRODUCTION

The objective of Task 1II is to determins the minimum number of
microorganisms that can be inoculated in solid propellant and subsequently
detected by cultural techniques. This extinction value (minimum number of
microorganisms allowing detection) defines the limit for detection of growth
of the added inoculum. In Task IV experiments, selected levels of organisms

. will be added as inocula to solid propellants; sterilization procedures will
be applied and the propellant will be subsequently cultured. The absence

of growth of the added inoculum does not necessarily mean that no organisms
survived the sterilization procedures. Rather, it indicates that fewer
organisms survived than represented by the extinction value established in
Task ITII. Obviously, the smaller the size of the inoculum that can be
detected by growth in culture, the greater thle degree of confidence one may

place on the effectiveness of the sierilization procedures applied.

The methods for culturing the Inoculated propellant was purposefully
adapted for detecting the organism present in the inoculum. It must be
emphasized that the conditions for assessing the presence of microorganisms

in this task may not be ideally suited for the detection of all organisms.

During the course of work on this task it became apparent that certain
modifications must be made in the recovery techniques used in earlier work
in order to Increiase the sensitivity of detectioa of organisms. Certain
inhibitory substences were present In the propzllant that were not found in
other solids that were studied and these inhibitors had to be neutralized
before a maximum recovery efficiency could be obtained. In addition to the
neutralization approach, improvements were made in the method o pulverizing
the material and In the preparation of the media. All of these changes
tend to optimize the results and as a result the efficiency of the recovery

was substantially improved over the work done in previous studies.

ey



The results of our work in Task ITT have also indicated that ultimately
these basic recovery techniques can be refined and extended until they may
ultimately reach an efficiency of less than one microorganism per cubic

centimeter.
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II. METHODS

A. PREPARATION AND ASSAY OF INOCULUM

The organisms studied in Task IIT were Bacillus subtilis var. niger,

Cl. sporogenes, Serratia marcescens, Ulocladium, and Staphylococcus

epidermidis.

1. Bacillus subtilis and Serratia marcescens

These orjanisms were suspended in dilution vials and viability counts
were performed following decimal dilution by plate couhting techniques within
three days of the time the samples were prepared for submission to JPL, 4
The organisms were adjusted to vield final concentrations of 102, 103, 104
organisms per cm3 propellant. The organisms were intimately intermixed
with heat sterilized dry Celite (2-3 grams per each level of organism inoculum),

and submlitted to JPL for incorporation in propellant specimens.

2. Staphvylococcus epidermidis

This organism was maintained on Trypticase Soy Agar (BBL). Inocula

- from these agar slants were made into Trypticase soy broth, During the
period of accelerated growth (logarithmic phase) the organisms.were recoveled
from the culture media by centrifugation. They Weije washed three times

in sterile distillad water and resuspended in a small volume of sterile
distilled water. The cells were assayed by de:éimal dilution and plating
techniques utilizing Trypticase Soy Agar.

3. Clositridium sporogenes

The Clostridial spores were prepared by growing vegetative organisms
in Brain Heart Irfusion Broth (DIFCO). Calcium chloride was added as a

supplement to the media at a final concentration of 1% to enhance sporulation.

The organisms were harvested by centrifugation at approximately 1000 x g

o



and the sediment was examined microscopically to insure that they were

in the form of spores. The supernatant fluld was discarded and the spores
were washed three times by altermately centrifuging. and resuspending in
sterile distilled water. The washed resuspended cells were subjected to
exposure to heat at 80°C for a period of 10 minutes to destroy surviving
vegetative forms and to ensure that only the spores survive. Following this
heat shock step, the cells were stored at SOC un’cil required as an inoculum,
In order to provide the inoculum at specific levels for JPL, the cells were
assayed by decimal dilution in anaerobic deep agar tubes and by the use

of Brewer Anaerobic Agar (BBL) plates.

4. TUlocladium

The Ulocladium was grown on Sabouraud agar medium (DIFCO). The
organisms were harvested at the end of the first week of growth in distilled
water and were subjected to sonication in an Acoustica Associates Model
DR 50 AH ultrasonic bath for a period of 20 minutes at 40 to 60 ma. at a
~ power output which produced cavitation. Following sonication the cells wers
centrifuged at 1000 x g for 10 minutes, the supematant fluid discarded and
resuspended in sterile distilled water. This procedure was repeated twice.
The cells were then resuspended in sterile distilled water in a sterile solution
_bottle and maintained at 5°C until required for use as inoculum. At the
time of submission of the organism to IPL; plate counts on Sabauroud agar
medium (DIFCO) were performed.

In all instances the assayed microorgarisms were mixed in small
volume with a proportionately greater volume of heat sterilized Celite (Johns-
Manville). The total weight of the Celite used for each level of organism
inoculum ranged between 2 and 3 grams. With the exception of the "mixed
Inoculum" all organisms were supplied to yield three levels of concentration
102, 103, 104/cm3 propellant. The mixed inoculum was supplied at levels
to yleld 10°, 107

vials were added to 1000 grams of propellant fcrmula by personnel at JPL.

, and 10° organism/cm3 propellant. The contents of the

5
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The propellant is composed of:

1) ammonium perchlorate

2) alrosperse (reaction product of equal mixture of
stearic acid and diethanolamine)

3) phenyl-beta-naphthylamine
4) 1,1, l-trimethylol propane
5) ferric acetylacetonate
6) 2, 4-toluzne diisocyanante
7) poly propylene glycol

8) alumirum oxide

The- propellant was returned to Dynamic Science as soon as possible
following a 3 to 4 day curing period and immediately assayed for surviving

organisms.

B. PULVERIZATION OF PROPELLANT

The propellant was enclosed in polyethylene sterilant bags (to liter
_capacity) as shown In Figure 1. These bags were equipped with a Teflon
gland which permits the maintenance of a gas~tight system during the time
period in which the. contents of the bag are being sterilized., Each sterilant
bag contained 60 to 70 ml of ethylene oxide (Matheson research grade),
in a shallow dish. Several paper towels previously moistened with water
were included in the bag to assure that humidity was near 50 percent. The
effectivehess of ethylene oxide sterilization is markedly increased with
elevated humidity. This atmosphere was maintained within the bag for a
period of 12 to 16 hours to insure ample time for surface sterilization. The
gland attachment, following sterilization, is subsequently attached to auto-
clave sterilized cotton packed exhaust tubing. The bag is evacuated using
a water vacuum pump, after which the tubing is detached and sterile air is
allowed to refill the bag and the bag is re-evacuated. Alternate exhaustion
of the ethylene oxide from the bag and replacement with sterile air is thus
accomplished. This procedure was repeated thiee times. Several dry paper

Jof
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towels were included in the sterilant bag to remove droplets of molsture

from the internal surface of the bag. A segment of copper wire approximately
0.5 mm in diameter was attached through the conductive portion of the gland
to a sultable ground. On the inner aspect of the b.ag the copper wire was
attached to the blade of the saw. These precautions were taken to insure
that static electrical discharge could not take place within the bag. Such
discharge would be improbable since the humidity of the bag was maintained’

at or near 40 percent.

Previous studies on methods for pulverizing solid propellant resulted
in limited and varlable recoveries of organisms. The following techniques
were evaluated in previous studies on solid propellant and found to be
relatively ineffectual either in providing sufficient pillverization or in

adversely affecting the organisms. These included the following techniques:

1) thin slicing with a blade-type microtome

2) drilling specimen propellant while submerged in culture media
3) abrasion with a "stickle back" rasp

4) abrasion with various types of files

5) homogenization in a Waring blender-type homogenizer

The use of saws of varlous conformations showed advantages over all
previously attempted methods of pulverization. The blade found most service-
able was determined to contain 18 teeth per inch*. Several manufacturers
provide such hacksaw blades. Some, however, contain toxic coatings which
interfere with growth of microorganisms. A thermistor was attached to elther

the front one inch or the back one inch of the blade and a slow rate of sawing

was used. The rate of sawing was so regulated that an increase in temperature

of not more than 1°C resulted. Because the temperature at the saw tooth
propellant interface may be several degrees higher than that indicated by the
thermistor, the rate of saWing was adjusted to minimize possible thermal

Inactivation of organisms.

*Blade No. 1218-3, Clemson Bros., Inc.
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The propellant was removed from the plastic container prior to placing
it in the sterilant bag in order to facilitate surface sterilization of the pro-
pellant. Following the previously described sterilization step and the
subsequent removal of the ethylene oxide from the bag, the propellant was
scored to a depth of 2-4 mm. These cutttings ware moved to a corner of the
bag and sealed off. Previous tests had indicated that the outermost cuttings
of the propellant were inhibitory to the growth of test organisms. . The
sampling areas of the propellant are shown in Figﬁre 2. An attempt was
made to sample at a random depth including sites near and distant from the
surface. Roughly equivalent quantities were sampled from each of the
indicated areas. '

Beta propiolactone In place of ethylene oxide was used in 100 pefcent
humidity for a 3-hour exposure period to induce surface sterilization. Qur

experience thus far indicates it offers the following_ advantages:

1) There is decreased permeation of'sterilant through the
Interstices of the propellant. '

2) Due to an approximate 20 fold increase in kill rate over
ethylene oxide, shorter time periods are required to achleve
surface sterilization. This also minimizes diffusion below the

surface of the propellant.
3) The tendency for particles to agglomerate is decreased.

The particle ‘distribution of the sawed propel'lan’c 1s indicated in
Figure 3. Microscopically in all sizes of particles studied, innumerable
fine cracks and checks were noted which likely have continulty with the
Interstices of even the largest particles. The larger particles appeared to
result by fusion of smaller particles. This fusion effect could not be reversed
by treatment'with the Waring blender, sonication, or by treatment with wetting
agents. Although Tween 80% was included In the culture media and did

*polyoxyethylene-sorbitan—-monoaleate (Atlas Powder Co.)
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Figure 2. Sampling Areas Used For Solid Propellanf
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provide superior recoveries (Figure 4), it does not appear that such

recoveries were the result of inhibition of particle agglomeration.

The propellant particles obtained by sawing were placed in a 5 ml
beaker. The beaker, when completely filled, contains 3.2 grams + 200 mg.
The quantities of propellant used in the culiure studies consisted of ‘multiples;

of 3.2 grams.

C. LEACHING OF PROPELLANT

The propellant while in the sterilant bag was added to a screw cap
bottle containing 120 ml of distilled sterile water and a sterile Teflon coated
magnetic stirring bar. The sterile screw cap ccntainers were placed on a
magnetic stirrer for 15 minutes. The supernatant fluid was treated as
indicated in Figure 5. The redox potential of the leached propellant and the
supernatant fluid was measured and this potential was adjusted to that
considered optimum for each microorganism culiured. The pH was adjusted
to 7.2 ~ 7.4 using sterile 1/10 normal acid or base except in the case of _
Ulocladium the pH was adjusted to 4.0 - 4.5,

The supernatant fluid was divided into three portions while in the
sterile enclosure. One portion was centrifuged, stained with fluorescent
dye, and examined microscopically for_the presence of organisms. The
second and third portions were added to culture media containing 1% Tween 80.
The final volume of the leached supernatant fluid and culture medium was
established by prior model experiments considering the inhibitory effect of
the perchlorate from the propellant on the growth rate of the microorganism
studied.

The ratio by weight of propellant to sterile distilled water which
provided optimal recovery was determined to be 1:10. In previous studies,
only the ability of a large inoculum of organisms to grow in the presence of
the various propellant ingredients was determined. In the present study it
was observed tha: concentrations of ammonium perchlorate as low as 0.5%

interfered with the growth of some of the organisms.
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Propellant

Sawing

Propellant Particles
(usually 6.4 + .2 Gm)

Sterile Water (120 ml)

¥

1. Adjust pH
2. Adjust Redox (cysteine)

3. Stir 15 min. with magnetic stirrer

{

After Staininc With
Fluorescent Dye

ey
‘!1 Supernatant Fluid Leached
Particles
Trypticase
Soy Broth Culture
Y 1. Thioglycollate
Thioglycollate .Broth 2. Trypticase Soy
Broth
Centrifuge
g >~ Supernatant (discard)
Pellet
Microscopic Examination

Figure 5. S

ummary Chart of Pulverization and Culture

Methods
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To the vessel containing the leached propellant an aliquot of
cystelne was added to reduce the redox potential to the desired level.
This level was previously arrived at by model experiments utilizing a
sample of propellant outside of the bag. This provided a method for
adding the required amount of reductant to the vessel while in a sterile

environment.

In all cultural procedures routine controls were included for sterility
of the enclosure's environment, the sterility of the growth media, and to
insure the capability of the growth media to support the growth of low
levels of microorganisms. TUsually the latter control contained 10 and/or
102 levels of organisms. The temperature of ir‘,cubatior} was vmaintained
at 37°C. Additicnal cultures were maintained at 25°C for Ulocladium.

14
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III. EXPERIMENTAL RESULTS

Recovery of test organisms was successful at 102 level of inoculum

in all cases (Tables 1 - 6). B. subtilis, Cl. sporogenes and Staph

epidermidis were recovered at 101 in the mixed inoculum (Table 6).
Several contaminating types of organisms were recovered as well as the
organism used in the Inoculum. The time required for any particular culture
to show evidence of bacterial or fungal growth varied considerably. The
cultures containing organisms at the 104 level consistently showed evidence
of growth prior tc growth appearing in 103, anc. growth was observed at

3 2 ~
10" prior to 107,

The organisms were identified by classical bacteriologic methods
in order to verify that the growth observed in the culture vessels was due
to the inoculum. In some instances growth due to the presence of contami-
nants in the propellant grew more rapidly than the inoculum, This was
particularly true in some of the culture vessels containing the lowest level
of Inoculum. In some instances this made more difficult the task of
recovery, and in some cases it may have obs,cured the recovery of the added
microorganism.,

Selected media and selective conditions were used in some experiments
to inhibit the growth of contaminating organisms. These techniques were
particularly useful when attempting to isolate Ulocladium,., Although
this fungal organism grows at a more rapid rate than many contaminating
fungi, it does not grow as rapldly as many strains of microorganisms. By
reducing the pH of the growth medium to 4.0 ~ 4.5 and utilizing a low
ionic strength medium, profuse growth of Ulocladium was consistently
observed under conditions which strongly inhibited the growth of contaminating
bacteria.

Recovery of vegetative forms of Cl. sporogenes was poor in instances
in which no attempt was made to counteract the strong oxidants present in
the propellant. Following the addition of an optimal quantity of reducing
agent and adjustment of the growth medium to the ideal redox potential

15



recovery of this organism was generally superior to recovery of any of

the other inoculum tested.

- The leached supernatant fluid consistently contained not only micro-
organisms used in the inoculum, but also contained variable quantities
of contaminating microorganisms. Preliminary experiments have been
carried out to determine the viabillity of these recovered organisms using
other than cultural methods. Tetrazolium compounds in the presence
of metabolically utilizable organic substrates lead in some Instances to
the appearance of reduced dye on the outer suiface of microorganisms.
Some of these organisms did not reduce the dye and therefore were likely
either not viable or did not contain the enzymes Wllicll-could be detected
by the use of this dve. These experiments are at an early stage of study

and do not repreéent a finalized experimental method.
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1V, DISCUSSION

Low levels of microorganisms 102 - 10’4/cm3 intentionally inoculated
Into solid propellants may be successfully detected by culture methods.,
The pulverization of the propellant by sawing has proven most useful in
our studies. The pulverized samples obtained using this technique
consistently glve superior results to those obtained previously using
other methods. Intermittent stirring with a magnetic stirrer alded the
maintenance of aeratin and also likely exposes new surfaces containing

organisms.

Inhibitory substances were present in the propellant which interfered
with the growth of all strains of'microorganisms tested. It was essential
that these inhibitory substances be removed from the solid propellant
particles by leaching. One of the inhibitors present in dilute form in the
leached fluid is ammonium perchlorate. Thé parchlorate may be reduced
chemically by treatment with dilute strong reducing agentsl. The use of
such agents had led to better recovery of microorganisms from both the
leaching fluid and the pulverized propellant. The control of the reduction-
oxidation potential of the growth medium may be as importan’c as control of
pH in the recovery of small numbers (of microorganisms using culturing
methods. Other inhibitory or pétentially inhibitory substances include ‘
phenyl~beta napthylamine, 1, 1, 1-trimethyl rropane, ferric acetylacetonate,
_and 2, 4-toluene diisocyanate which are all constituents of solid propellants.
In the present study there were no attempts to discermn the order or magnitude:
of inhibition inducible by these substances, however, it is obvious that
suchAexperiments should be performed.

The use of fluorescent dyes in detecting the presence of organisms
in the leached supernatant shows promise. This method is somewhat
deficient in that there is no means of determi‘n Ing viability of organisms
visualized with this technique. '
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Preliminary experiments with tetrazolium compounds and oxidizable
organic substrates have proven promising. It has been possible to detect
the presence of reduced dye on the surface of organisms leached from

propellant and it is probable that this method will be extremely useful in

propellant sterilization studies.

In a largz percentage of the samples of propellant studied we have

B

isolated microorganisms which were not present in the inoculum and which

apparently represent JPL environmental contamination. This is to be

expected since In the course of Task TIII investigations, no attempt has

been made to provide the propellant in a state of sterility at the time the

inoculum was inzorporated into it.

¢
,;_
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V. SUMMARY AND RECOMMENDATIONS

In the course of the studies conducted in Task III of this program, we
have detected microorganisms in inoculated sclid propellant at all levels
studied (102, 103, 104) and in some instances at 101/01n3. The presence
of contaminating microorganisms in a high percentage of the propellant
samples indicates that as future studies progress, preliminary steps may
have to be taken to reduce the population of non-inoculated organisms.

‘We have found that through the use of an improved means of pulverizing

thé propellant, control of pH, neutralization of toxic substances, and adjusi-
ment of redox po:ential it has been possible tc materially improve detection
of small numbers of organisms by culture. There are indicated areas of
further improving the efficiency of culturing techriiques for recovery of
organisms from propellant. These include a more detalled study of the
effects of certain constituents of the propellart on the test microorganisms,
determination of optimum pH, and optimum conditions of electrostatic |

repulsion between propellant fragments and mlzroorganisms.

The addition of neutralizers to growth media should be investigated.
These neutralizers may reduce or reverse the effect of the constituenté of
the propellant on the microorganisms. This approach has been found to be
useful in studies on the recovery of microorganisms previously exposed to
hexachlbrophene, organo-metallic compounds and quaternary ammonia
compounds . Such neutralizers to counteract constituents of propellant

may be incorporated into the growth media,

It is also possible that an excess of one or more growth factors may
be required for the recovery of microorganisms inhibited by propellant
‘constituents. The effect of an excess of such growth factors on growth
should be systematically investigated. Two additional factors are important
inthe recovery cf organlsms from propellant.” These include 1) the incorpora-
tion of high buffer capacity for organisms which produce organic acid and
whose growth is inhibited by these acids, and 2) media of low ionic strength
f or the detection of contaminating organisms which are adversely affected

by lonic strength.
25



It is apparent that with optimization of cultural techniques and the
supplementation of other ancillary techniques that recoveries may be
extended o less than 1 organism/cms. The effects of the solid on the
microorganism and/or the effects of pulverlzing the solid material may
preclude isolation of viable microorganisms by cultural methods. However,
the enzymic activities of potentially viable organisms could provide a
sensitive means of showing the presence of organisms which may still
be in the living state. The physical and chemical éonditions which induce
sterility usually will destroy enzymic systems within the cell, For
example, treatment with heat In sufficlent quentity to cause sterilization
will also cause denaturation of the protein moiety of the enzymes. Similarly,
heavy metals, formaldehyde, phenol and similar agén’cs cause concwrent

sterilization and enzyme destruction.

One broad category of enzymic ractions which may be sufficiently
sensitive include those which cause reduction of tetrazolium. The various
substituted tetrazolium salts are characterized by water solubility and lack
of visible color in the oxidized state and lack of water solubility and the
develbpment of intense color in the reduced state. Depending upon the
nature of the substituents on the tetrazolium the color of the réduced dye
may range from red to blue. Because of the change in phase of the reduced
dye, it is possible to concentrate the dye following a prolonged exposure
to the material containing organisms_ or organism fragments. An immiscible
solvent could be added to the aqueous phase in small quantity to dissolve
the reduced dye and at the same time concentrate it for photometric measure -
ment if deslred. Alternatively it would be possible with the light microscope
to examine the particles produced by pulverization of the solid after incu-
bation with the oxidizable organic substrate and the tetrazolium. In this
case, the organisms and the organism fragments would be characteristically
stained whereas the devitalized or nonviable crganisms lacking’ the
enzymic actiyities would not be stained by the dye.
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‘Other enzyme assays which may be utilized for the detection of
potentially viable organisms include cytochrome oxidase (using para-
phenylene diamine which is converted to an intense purple color in the
reduced state), neroxidase, and the reduction of NAD (nicotinamide
adenine dinucleotide). The latter substances have a characteristic
spectrum in the reduced state in the ultraviolet, but can also be measured

more sensitively with fluorescence.

Solids can be treated with a fluorescent stain which will adhere
strongly to all cell walls of microorganisms and may be so selected to
fluoresce in a different region of the spectrum from the fluorescence
(when present) characteristic of the solid itse'f. Some of this work has

been reported in this task, Fragments of all cell walls of microorganisms

will show intensely and can be easily detected by scanning methods using |

the fluorescence microscope. The principal areas that will require study
include the suppression of interfering auto-fluorescent substances in
certain solids and possibly the requirement for removing or destroying
quenching substances in the mixture.
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